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ABSTRACT
Hollandite is one of the promising crystalline ceramic materials to immobilize the
radioactive cesium (Cs) elements in nuclear waste stream. Hollandite waste forms have
superior chemical durability, energetic stability, and Cs loading comparing to the most
widely used borosilicate glasses. In this dissertation, various properties and performance
of different hollandites are investigated including structure, energetic stability, leachingresistance, and electrical properties. More importantly, some underlying correlations
among these scientific fundamentals are also discussed. As comprehensive understanding
of this unique tunnel-structured material class is developed, general principles might be
summarized and be further used to more effectively direct materials design for a broader
range of applications (e.g., fast-ionic conductors and electrode materials in battery systems)
instead of the sole nuclear waste disposal. The structure of this dissertation is developed as
follows.
In chapter 1, history and applications of hollandite-type materials, background of
important methodologies and approaches, and scientific objectives are given. In chapter 2,
general experimental procedures are described from sample synthesis, characterization,
and analytical techniques. In chapter 3, the effect of Cs substitution on hollandite structure
is studied and the results indicate that a monoclinic-to-tetragonal phase transformation
could be induced by increasing Cs content in the tunnels. In chapter 4, the energetic
stability of hollandite waste forms is evaluated by using high-temperature oxide melt
solution calorimetry. In general, higher Cs-containing compositions exhibit higher stability
which might be attributed to tetragonal symmetry, smaller RB/RA, larger tolerance factor
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and optical basicity. In chapter 5, it is found that Cs release in an aqueous environment is
also significantly suppressed by increased Cs content, which is supported by elution studies
of radioactive

137

Cs. In chapter 6, the mechanisms of radiation damage and thermal

recovery are investigated. Distinct radiation stability observed in different hollandites are
resulted from the constituent binary oxide form of corresponding B-site dopants (e.g.,
Ga2O3). Specifically, the Ga-doped hollandite exhibited superior radiation-resistance
comparing to Fe-and Zn-doped analogues. The mechanism of thermal recovery is complex
and decoupled at different length-scales based on the combined thermal and structural
analysis. In chapter 7, effects of crystal structure, A-site cations, A-site occupancy, and Bsite cations on electrical properties of Na, K, and Cs hollandite systems are investigated.
Generally, tetragonal symmetry, smaller tunnel cations, and intermediate A-site occupancy
(e.g., ~75%) would enhance ionic conductivity. In contrast, severe electronic conductivity
might be introduced if transition metals or multivalent elements are doped on B-sites. In
chapter 8, the correlations among different properties and performance of hollandite-type
materials are discussed and developed. In chapter 9, the most important highlights of
numerous establishments achieved in this dissertation are summarized.
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CHAPTER ONE
INTRODUCTION
1.1 History of hollandite
Historically, a new class of manganate containing barium, manganese, and iron was
found from the manganese-ore deposit at Kájlidongri, Jhábua State, Central India. This
manganate was first described in 1906 by Fermor and he proposed the name of hollandite
for this crystalline mineral after Sir Thomas Henry Holland, geologist, educational
administrator, and Director of the Geological Survey of India [1]. The formula of the
hollandite sample obtained from the Kájlidongri deposit [2] was derived as
3+
2+
3+
4+
Ba2+
0.95 (Mn0.60 Al0.15 Fe1.10 Mn6.28 )O16 . It is now known that hollandite is isostructural with

many other manganese minerals such as coronadite, cryptomelane and α-MnO2. In this
isostructural series, a framework exists with channels along the c axis is formed by multiple
(MnO6) octahedra [2–6]. For simplicity, a compound belonging to the abovementioned
isostructural series will be identified as a hollandite-type material in the rest of this
dissertation. In 1951, Norrish found a new hollandite-type mineral called priderite in which
manganese (Mn) was completely substituted by titanium (Ti) and iron (Fe) forming the
new octahedra framework [7]. A series of hollandite-type compounds Bax(MgxTi8-x)O16
were synthesized by Dryden and Wadsley in 1958 [8]. Since then, various elements were
successfully substituted in the octahedral framework, exhibiting great structural tolerance
and compositional flexibility of the hollandite-type structure [6,9]. Although numerous
fundamental studies were investigated on hollandite materials, their potential application
had not been proposed until the 1970s.
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1.2 Background of hollandite and general approaches
1.2.1 Nuclear waste forms
In the late 1970s, Ringwood et al. [10–13] demonstrated for the first time that
titanate-based hollandite (BaAl2Ti6O16) might be a more stable and durable waste form
than commonly used borosilicate glass [14,15] for immobilization of radioactive cesium,
one of the most dangerous isotopes in high-level wastes (HLWs). Several serious
disadvantages of vitrification could be avoided by employment of the crystalline
hollandite-type waste form. Firstly, chemical durability of hollandite against the action of
water is much better than that of borosilicate glass, because certain alkali fission species
(e.g., Cs) are tightly captured in the channels via strong chemical bonding with neighboring
ions [11,13]. Secondly, significant amounts of volatized cesium during vitrification can be
preserved when the hollandite waste form is processed. Therefore, additional costly
operation for Cs recycling will not be required anymore.
Based on the discovery by Ringwood et al. [10–13], enormous studies have been
conducted on hollandite-structured materials aiming at waste storage in following decades
regarding their processing [16–26], crystal structures [16,21,27–45], thermal properties
[46,47], aqueous durability [18,44,45,48–50], radiation tolerance [17,48,51–60], and
thermodynamic stability [25,42–45,50,61].
1.2.2 Energy materials
Besides waste forms, hollandite-type materials have also been widely studied as
energy materials since the 1970s. Lots of interest was attracted due to the unique tunneled
structure and compositional flexibility of hollandite-type materials [62]. Several
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investigations on conductivity measurements were performed on the Kx(M,Ti)8O16 (M =
Mg, Zn, Ni, Al, Fe) hollandite system, indicating that this type of material could be
classified into the group of high ionic conductors [63–65]. Recently, Ba-hollandite [66],
K-hollandite [67,68], and Ag-hollandite [67,69,70] were developed as anode and cathode
materials in a variety of battery systems. In addition, some hollandite-structured materials
have been investigated for their catalytic performance [71–75] and magnetic properties
[76,77].
1.2.3 Crystal structure of hollandite
Hollandite has the general formula of AxB8O16, where 0 ≤ x ≤ 2. A-sites are
occupied by either monovalent or divalent ions, such as Na+, K+, Rb+, Cs+, and Ba2+
[16,35,47,65,78]. Various cations can be substituted on B-sites, including Mg2+, Zn2+, Co2+,
Ni2+, Al3+, Ga3+, Fe3+, Cr3+, Sc3+, Mn3+,Ti3+, Ti4+, and Mn4+ [18,21,33,39,43,65,79]. The
idealized hollandite structure is shown in Figure 1.1 [44]. Eight interconnected corner and
edge sharing (BO6) octahedra form a three-dimensional rigid framework in which a 2 × 2
tunnel is created to accommodate A-site cations. Either a tetragonal (I/4m) or a monoclinic
(I/2m) structure can be exhibited for a hollandite material, depending on the relative ionic
radii of the cations in the octahedra (B-sites) and the cations in the tunnels (A-sites) [27,35].
If the A-site cations is too large for the tunnels to support, the tetragonal symmetry will be
reduced to the monoclinic symmetry. Although several models were proposed to predict
the symmetry, none of these could be successfully applied to all hollandite forming systems
so far [27,35].

3

Figure 1.1 The crystal structure of a tetragonal hollandite-type material [44]. The figure
was drawn by using CrystalMaker software.

1.2.4 High-temperature oxide melt solution calorimetry
Thermodynamic data for various materials are vital both for predicting phase
equilibria and understanding fundamental solid-state chemistry [80]. These data can be
accurately measured by calorimetry. One application of the calorimetry technique is to
measure the enthalpic change occurring in a chemical reaction [81]. Solution calorimetry,
one kind of the reaction calorimetry, can provide the enthalpy of reaction by dissolving the
samples into a proper solvent [82,83]. Nevertheless, enthalpies of solution of some
refractory ceramic materials (e.g., MgO, ZrO2, Al2O3, etc.) cannot be readily measured at
room temperature due poor dissolution. which can be further used to calculate the enthalpy
of formation from the oxides via appropriate thermochemical cycles.
In the 1970s, Navrotsky [81] developed a high-temperature Calvet-type twin
microcalorimeter modified from the versions utilized by Calvet and Kleppa [84,85]. This
calorimeter has two sample chambers and each of the chamber is surrounded by a Pt-PtRh
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thermopile. The thermopiles are connected in series opposition and embedded in an
isothermal metallic block [81]. This kind of design improves the quality of baseline as well
as increases productivity. When a reaction begins, a small direct current (DC) signal is
induced and sent from the thermopiles to an amplifier. Once received by a recorder and
electronic integrator, the electronic signal will be translated into a graphical thermal peak,
which can be used to obtain the reaction enthalpy by integrating the peak area [81].
A stable baseline has to be acquired before an experiment. Every time, a reaction is
initiated in one chamber while the other chamber acts as a control. When a reaction occurs,
a heat flow transferring from the chamber to the constant temperature block will be
captured by the surrounded thermopiles. The resultant thermal returns exponentially to the
baseline when the reaction closes to a finish. Moreover, the total heat effect of the reaction
is proportional to the area under the thermal peak, so the heat effect can be subsequently
calculated [81]. A small heat effect (e.g., ~2 J) could be measured with a standard deviation
of 2 to 5%, while the precision of larger effects (e.g., ~20 J-~8.0 kJ) could be lowered to
~1% [81].
Comparing to conventional HF solution cerimetry, this high-temperature oxide
melt solution calorimetry has the following advantages: (1) the molten oxide solvents (e.g.,
sodium molybdate and lead borate) at high-temperature facilitate the dissolution of
refractory compounds significantly, (2) a much smaller amount of material (e.g., a few
hundred milligrams) is required, and (3) the enthalpy of formation of the refractory
ceramics from the oxides can be acquired directly from the measured heat of solution.
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In the following twenty years, many incremental improvements have been
developed continuously from the fields of thermopile construction, the design of insulation
and furnace, digital nanovoltmeters, and temperature controllers [86]. These advances
lower considerably both the detection limit of the measured heat effects to ~0.5 J and
reduce the required sample quantity (i.e., 10-15 mg versus 30-50 mg) [81,86].
Drop solution calorimetry has been used more widely since the late 1990s. In this
technique, the dissolution reaction is initiated by dropping the sample at room temperature
into the molten solvent in the calorimeter. The measured heat effect, so called enthalpy of
drop solution, consists two parts: one is coming from the heat content of the sample, and
the other is due to the enthalpy of solution at the operating temperature (typically at 700
°C or 800 °C). Thus, the enthalpy of formation of the dissolved oxide compounds can be
calculated via conceiving some thermochemical cycles. The advent of high-temperature
oxide melt solution calorimetry enhances the efficiency of the measurements extremely, as
the change of the sample holder assembly is not necessary anymore and samples can be
dropped consecutively into each chamber one by one.
Sophisticated pressing dies have been further designed to solve the potential issues
brought by the encapsulating materials (e.g., gold and platinum capsules) previously used
[86–88]. Coupled with the use of high purity alpha-alumina pellets as the new calibrants,
this allows users to study much smaller samples (e.g., a few milligrams) and obtain
spontaneously more reliable results [86]. Another important upgrade of high temperature
oxide solution calorimetric procedures is the introduction of gas bubbling into the molten
solvent at the calorimetric temperature [82,83,86,88–90]. A variety of gases with stable
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rates can flow into the calorimetry solvent through a very thin platinum tipped alumina
tube. Gas bubbling can control oxygen fugacity as well as stir the melt to quicken
dissolution of the dropped samples [82,83].
To date, the procedure of high temperature oxide melt solution calorimetry has been
standardized as shown in Figure 1.2. A constant operating temperate of the Calvet-type
calorimeters is kept at 700 °C or 800 °C. Post-annealed high purity α-alumina pellets are
routinely used to obtain calibration factors. A drop solution measurement is usually
conducted by dropping a loosely pressed small sample pellet (e.g., ~1-5 mg) at room
temperature into a ~10-20 g molten oxide solvent in a platinum crucible in the calorimeter.
Sodium molybdate (3Na2O-4MoO3) and lead borate (2PbO-B2O3) are the two commonly
used oxide solvents, while the sodium molybdate is normally better to measure oxides such
as TiO2 and rare earth oxides. Depending on preferred atmosphere for the reaction,
different type of gases with controlled rates flush over the molten solvent and are bubbled
into the solvent to prevent local saturation as well as enhance dissolution of the sample
pellet. In general, statistically reliable data sets with a very low standard error (e.g., ≤ 1.0%)
[86] can be acquired after at least six drops. Detailed instrument and experimental
procedure can be found by Navrotsky [83,86].
The Navrotsky’s calorimeter [83,86] has now been commercialized as the AlexSYS
by Setaram Inc., so high-temperature oxide melt solution calorimetry becomes accessible
to more scientific researchers all over the world enabling them to solve thermodynamicrelated problems in variety of fields.
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Figure 1.2 Schematic of high-temperature oxide calorimetry which is adapt from Fig. 1
by Navrotsky [83].

1.2.5 Leaching
Environmental degradation is a natural phenomenon suffered by all kinds of
materials [91]. Particular care has to be taken for nuclear waste forms used for
immobilization of radionuclides in HLWs. Borosilicate glass as the most popular waste
form will devitrify very fast if it is placed in real geological environment or under extreme
conditions, such as high temperatures and pressures [11,13]. The degradation will increase
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significantly the effective surface area of borosilicate glass and subsequently impair its
chemical durability against aqueous corrosion [91]. As a result, the risk of those most
dangerous fission species (e.g., radioactive Cs, Sr, and actinides) leaching into the
biosphere is raised drastically. Although crystalline ceramic waste forms (e.g., SYNROC
consists of hollandite, perovskite, and zirconolite) has been proved to have superior leach
resistance [92], the leaching rate of certain alkali and alkaline earth elements still cannot
be ignored.
Two common testing methods have been applied to measure leaching rates based
on monolithic and powder samples, respectively. Prior leaching studies on SYNROC
suggested that leaching results obtained via the two methods agreed generally [92]. A
powder-based test, American Society for Testing Materials (ASTM) International C128514 product consistency test (PCT) Method B [93], will be used to determine the leaching
rates of various elements in the rest of this dissertation. 90 °C selected as the testing
temperature is reasonable as previous studies indicated that the leaching rate of hollandite
was not affected a lot between 45 °C and 300 °C [94]. In addition, it is notable that the test
period of seven days is generally long enough to provide accurate data [95].
In spite of different durability and degradation mechanisms of glass and crystalline
waste forms, thin surface layers usually form, so called alteration layer, to protect waste
forms themselves from corroding by surrounding solutions [48,91,96,97]. For crystalline
hollandite-structured waste forms, tunnel cations are prone to leach in aqueous solutions
via various potential reactions, including ion exchange, hydration, hydrolysis, and redox
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reaction [91]. The leaching rates of those tunnel cations (e.g., Cs and Ba) can be
incongruent or congruent depending on the pH values of the tested solutions [49].
Although the formed alternation layers have huge impact on durability of nuclear
waste forms, comprehensive understanding of the mechanism for elemental leaching has
not been declared yet. The synergistic effect of thermodynamic stability, crystal structure
and chemical compositions, can doubtless influence the leaching resistance as well.
1.2.6 Radiation and thermal recovery
Radiation resistance is one of the most critical criteria to evaluate a material if it is
suitable to be chosen as a nuclear waste form. Multiple radiation could be suffered by waste
forms, for instance alpha-, beta-, and gamma-decay. Several prior studies, however, have
shown that the hollandite-type material is highly stable under electron [55] and gamma
irradiation [98]. Thus, the influence of alpha irradiation is focused in this dissertation.
Xenon (Xe) and Krypton (Kr) ions with MeV-level kinetic energy are typically
selected to bombard waste forms targets simulating alpha-decay effects. In a heavy ion
irradiation experiment, one can predict and analyze the response of waste forms in an
extreme radiation environment as the ion beam with very high doses could be created in a
short time period by a laboratory-based particle accelerator [58,99–102]. In general, the
irradiated crystalline waste forms would be amorphized in such a harsh environment. For
a highly radiation-resistant hollandite-type material, amorphization will be inhomogeneous
and the affected depth cannot beyond a micron from the sample surface as the incident ion
energies are relatively low [58,99]. However, several large ion accelerator facilities built
recently can create swift heavy ion beams with very high energies in the GeV range
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extremely increasing the ion penetration depth even to ~100 µm [103]. Bulk
characterization becomes available as amorphization extends into a much larger volume.
More importantly, the effects of both keV-MeV and GeV ions on the structure are similar
[104].
High-temperature oxide melt solution calorimetry have been utilized to evaluate
radiation stability in pyrochlore materials [105,106] by comparing the difference of
measured drop solution enthalpies for the samples between different energy landscapes
(i.e., pristine versus irradiated). In addition to determining the radiation stability of a waste
form, it is also equally important to understand its defect dynamics and defect recovery
pathways from the irradiated state. Differential scanning calorimetry (DSC) is a versatile
technique to analyze the potential heat effects related to defect recovery during the process
of thermal treatment. Chung et al. [105] found that the recovery processes in Dy2Ti2O7
pyrochlore was very complicated and were coupled over different length-scales.
1.2.7 Electrochemistry
In a hollandite-type material, A-site cations as the mobile species can transport
along the tunnels. Since the late 1970s, this unique one-dimensional tunneled characteristic
has attracted lots of concentration to investigate studies of conduction mechanisms and
conductivity measurements [63,64]. Different models for K1.54Mg0.77Ti7.23O16 hollandite
have been proposed by Beyeler et al. [107,108] and Bernasconi et al. [109] to explain the
mechanism of conduction for tunnel cations. Ionic conductivity of different hollandite
materials has been measured [63–65,110]. In the K-hollandite systems [64], the results of
the polycrystalline hollandite samples indicated that the conductivities of potassium ion
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were the order of magnitude of 10-4 S∙cm-1 at 300 °C. The electrical conductivities of
several single-crystal hollandite samples have been reported [111,112].
Recently, it has been discovered that the conduction mechanism of a hollanditestructured material can be altered completely by the selection of different measured
temperatures and substitutions on B-sites [43,113,114]. Cs-, K- and Ba-hollandite might
exhibit apparent electronic conductivity at elevated temperatures (e.g., above 500 °C)
[43,113]. However, much stronger electronic conductivity could be observed when Ti3+
[114] and Mn3+/4+ [115,116] ions are substituted on the (BO6) octahedra framework.
Nowadays, electrochemical impedance spectroscopy (EIS) and four-probe direct
current (DC) methods have been widely applied to measure the electrical property of
various materials [43,113,114,117–119]. In an EIS measurement, a small AC signal
sweeping different frequency is applied to a sample pellet with blocking electrodes and
subsequently a complex impedance spectrum will be obtained to analyze conductivity. In
a four-probe DC measurement, a sample bar with four leads is given a DC voltage and the
obtained volage and current can be used to calculate conductivity. Nevertheless, it is
challenging to obtain accurate conductivities of hollandite-type materials due to their
anisotropic conduction of tunnel ions, potential oxygen ion conductivity and the difficulty
of separating the electrical contributions from bulk, grain boundary and electrodes
[64,111].
1.3 Scientific objectives
The overview of this dissertation is to establish some correlations among various
properties and performance of hollandite waste forms including physiochemical properties,
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crystallography, thermodynamics, and structural/functional-based properties. With a
comprehensive understanding of basic science underlying this 1-D tunnel structured
material, the huge knowledge gap between the opposite applications (i.e., nuclear waste
forms versus solid-state conductors) could be filled to some extent and may further shed a
new light on the design of novel battery systems. The overall schematic of this dissertation
is shown in Figure 1.3.
The specific objective are as follows:


Establish correlations among composition, structure, thermodynamic stability, and

durability for various (Ba,Cs)-hollandite waste forms


Investigate the mechanisms of radiation damage and thermal annealing in Cs-

hollandite waste forms


Study the conduction of different mobile species in various hollandite systems

ranging from Na- and K-hollandite targeting for ion conductors to Cs-hollandite aiming at
waste storage


Expand the abovementioned correlations by introducing another functional-based

property of electrical conductivity
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Figure 1.3. The overview of this dissertation.
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CHAPTER TWO
EXPERIMENTAL
2.1 Sample synthesis
Different series of hollandite samples with the formula of (A1,A2)x(B1,B2)8O16
were fabricated. Most of the samples were synthesized via solid-state reactions, while
select samples made by a solution route method were described in the corresponding
chapters. High purity powders of oxides and carbonates were mixed with 95% ethanol and
ball-milled at least 24 h. The slurries were dried in an oven overnight at 80 °C. As-dried
powders were ground by hands and further cold pressed into pellets. Heat treatment
processes, including calcination and sintering, were performed in box furnaces. The
detailed conditions of calcination and sintering processes are different and can be found in
the corresponding chapters.
2.2 Characterization
2.2.1 Analysis of phase formation
Powder X-ray diffraction (XRD) measurements were conducted to analysis the
crystal structures of as-synthesized samples. Both Rigaku Miniflex600 and Ultima IV
diffractometers with monochromatic Cu Kα radiation (λ = 1.54 Å) were used to collect the
diffraction spectra.
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2.2.2 Microstructure and elemental analysis
Microstructures of samples were observed using both Hitachi S4800 and SU6600
scanning electron microscopy (SEM). Two imaging modes of secondary electron (SE) and
back-scattered electron (BSE) were selected for different research focuses.
Energy dispersive X-ray spectroscopy (EDS) coupled with a Hitachi SU6600 SEM
and AZtec software (Oxford Instruments) was utilized to determine elemental
compositions of various samples. Analyzed EDS compositions were reported by averaging
the compositions of at least eight representative sites over the surface or cross-section of
the measured samples. Inductively coupled plasma-mass spectroscopy (ICP-MS) and
inductively coupled plasma-atomic emission spectroscopy (ICP-AES) were performed on
selected hollandite compositions in order to obtain elemental concentrations. ICP-MS was
used to acquire the concentration of Cs, while ICP-AES was utilized to determine the
concentrations of Ba, Ga, Fe, Al, and Ti.
2.3 Analytical techniques
2.3.1 Calorimetric analysis
High-temperature oxide melt solution calorimetry was performed using both a
custom-built Calvet-type twin calorimeter or an AlexSYS 1000 calorimeter (Setaram Inc.)
operating at 702 °C. In a drop-solution calorimetry experiment, the well ground sample
powders with the mass of ~1-10 mg were weighed and loosely pressed into a small pellet
and dropped from room temperature into the molten sodium molybdate (3Na2O·4MoO3)
solvent in a platinum crucible in the calorimeter. The calorimeter assembly was flushed
dry gas and identical gas was bubbled through the molten solvent in order to stir the melt,
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disperse the sample, and subsequently facilitate the dissolution of the sample pellet. At
least six successful drops need to be conducted for each composition to obtain statistically
reliable data, unless the quantity of the measured sample is too small to support multiple
drops. For example, only two or three drops were performed for the high-energy irradiated
hollandite samples Chapter 6. In addition, the heat content of α-alumina with at least
99.995% purity was used to determine the calibration factor of the calorimeter. More
instrument information and detailed experimental procedures have been well described and
established by Navrotskty [83,86].
Differential scanning calorimetry (DSC) analysis was performed on both Netzsch
404 C Pegasus and Netzsch STA 449 F3 Jupiter instrument to study the potential heat
effects induced by sold-solid phase transformation and defect recovery. An alumina
crucible was used as the container, while dry Ar gas was chosen to provide an inert
atmosphere and exclude the heat effect of water content as well. The DSC program was set
as follows: (1) the sample was heated to 500 °C without dwelling and then cooled down to
100 °C; (2) the sample temperature was held at 100 °C for 10 min; (3) the temperature of
the sample was elevated to 500 °C again and cooled down to room temperature. The DSC
baseline was calibrated and corrected. Experimental details were given in the
corresponding chapters.
2.3.2 Aqueous leaching tests
Accelerated leaching tests following the guidelines of ASTM C1285-14 the product
consistency test (PCT) Method-B [93] were performed to assess the aqueous chemical
durability of hollandite-type waste forms. Typically, the measured samples were crushed
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into powders. As-obtained powders were sieved and washed by deionized (DI) water and
ethanol to obtain the samples whose particle sizes fell into a certain range, such as
−100/+200 mesh and −200/+270 mesh. The post-wash samples with a constant 1:10 ratio
of sample mass to water volume were placed in the stainless-steel (SS) vessels. The SS
vessels were closed, sealed, and placed in an oven at 90 ± 2 °C for seven days. A reference
material and two blank tests were run in parallel with the measured waste forms. Once
cooled, post-leaching solutions were filtered, acidified, and analyzed. Values of pH and
elemental concentrations of the leachate were recorded. For each sample composition,
three replicates were simultaneously tested to guarantee the reliability of the leaching data.
The fractional release of element i in the waste form materials (FRi) was calculated
using Equation 2.1:
𝐶𝐶 𝑉𝑉

𝐹𝐹𝐹𝐹𝑖𝑖 = 𝑚𝑚𝑖𝑖 𝑓𝑓

𝑠𝑠 𝑖𝑖

(2.1)

where FRi = the fractional release of element i (unitless), Ci = the concentration of element
i in the leachate (g/L), V = the leachate volume (L), ms = the sample mass (g), and fi = the
fraction of element i in the pre-leached waste form materials (unitless).
The normalized release of element i in the sample (NLi) was reported for select
samples if their surface areas were measured or estimated. The value of NLi was determined
using Equation 2.2:
𝐶𝐶 ×𝑉𝑉

𝑁𝑁𝑁𝑁𝑖𝑖 = 𝑓𝑓 𝑖𝑖×𝑆𝑆𝑆𝑆
𝑖𝑖

(2.2)

where NLi = the normalized release of element i (g/m2), Ci = the concentration of element
i in the leachate (g/L), fi = the fraction of element i in the pre-leached sample (unitless), SA
= the surface area of the sample (m2), and V = the leachate volume (mL). Specific surface
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area of the leached sample was acquired either based on the result of Brunauer-EmmettTeller (BET) analysis or estimation of sieved particle sizes.
It is worth noting that the fractional release without geometric normalization is still
convincing because the effect of the sample-surface-area-to-solution-volume (SA/V) ratio
on the Cs release is insignificant [49,120]. In addition, the Cs release is apparently
independent of the pH value when the pH is larger than 1 [49].
2.3.3 High-energy heavy ion irradiation
Pristine samples were irradiated by 1.1 GeV gold (Au) ions at room temperature to
a fluence of 5 × 1012 ions/cm2 using the X0 branch of the UNILAC accelerator of the GSI
Helmholtz Center for Heavy Ion Research in Darmstadt, Germany [60]. Before irradiation,
the hollandite sample powders were pressed into alumina holders with custom-built
chambers (diameter: 1 cm; depth: 50 μm). Approximately 30 μm thickness of each sample
to be irradiated was chosen to ensure that the incident Au ions completely penetrated the
samples as well as ensure that the energy deposition was relatively uniform. For example,
only ~10% electronic energy loss is reduced at 30 μm penetration depth compared to the
sample surface, whereas more than 20% and 50% decrease of electronic energy loss is
predicted at 40 and 50 μm penetration depth, respectively. The sample chambers were then
wrapped in aluminum foils with 7 μm thickness and exposed to the high energy Au ion
beam. The ion energy upon entering the sample was decreased slightly to 930 MeV due to
the wrapped aluminum foils. A profile of the energy loss versus penetration depth for the
Cs1.33Ga1.33Ti6.67O16 hollandite as a representative was calculated by using the SRIM-2013
code [121,122] and a factor of 1.66 was selected to correct the actual density due to the
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geometry of cold, uniaxial compression of powders [60,123]. Five sample holders with ~
10 mg loading per composition were irradiated. Additional details related to this
experimental scheme can be found elsewhere [103–105,124].

Figure 2.1 The profile of energy loss versus penetration depth for a Cs1.33Ga1.33Ti6.67O16
hollandite sample under 930 MeV Au ion irradiation.

2.3.4 Electrical property measurements
For measurements of electrical property, opposite surfaces of the sintered sample
pellet were polished by fine sandpapers (e.g., 200 and 600 grit) to remove the surface layer
and improve the quality of the surface. Gold paste (Fuelcellmaterials) was then applied to
the polished samples and cured in an oven for several hours. As-dried pellets were mounted
on the testing assembly and heated gradually to 800 °C and hold at this temperature for 1
h to decompose the organic components in the Au electrodes. Afterwards, the measured
sample was cooled down to the desired measuring temperature range. The impedance
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spectra were collected by using a Solartron 1287 analyzer sweeping over the frequency
range from 0.1 Hz to 106 Hz, with a small alternating current (AC) voltage stimulus (i.e.,
10 or 100 mV). Galvanostatic measures were also conducted on selected samples to study
the transport behaviors of tunnels cations. A constant ~10 mA direct current (DC) was
applied to the samples over the measured temperature range.
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CHAPTER THREE
STRUCTURE
3.1 Introduction
Hollandite-type materials were selected as nuclear waste forms due to their
enhanced capacity to immobilize Cs elements compared with the most commonly used
borosilicate glasses (ca. 5 wt.% Cs2O loading versus ca. 0.1 wt.% Cs2O loading) [125–
127]. However, studies on hollandite waste forms with higher Cs loading have not been
investigated until recently [41–45,50,60,97,128–131]. Different Cs contents may have
significant impacts on various properties and performance, such as structure, chemical
durability, radiation stability, and electrical property. In Chapter 2, the effect of Cs content
on the crystal structure of hollandite materials will be the specific focused.
3.2 Experimental procedure
3.2.1 Sample synthesis
(a) Ga-, Fe-, and Cr-substituted hollandite
The

series

of

Ga-,

Fe-,

and

Cr-substituted

hollandite

compositions

BaxCsyM2x+yTi8−2x-yO16 (M = Ga, Fe, and Cr; 0 ≤ x ≤ 1.33; x + y = 1.33) were synthesized
via the solid-state reaction routes. For simplicity, they are denoted as HMy throughout this
dissertation. “H”, “M”, and the value of “y” correspondingly stand for “Hollandite”, “M
substitutions” and “Cs content”. For example, the formula of HG0.67 and HF0.2 are
Ba0.67Cs0.67Ga2Ti6O16 and Ba1.13Cs0.2Fe2.46Ti5.54O16, respectively.
Reagent-grade powders of carbonates (e.g., BaCO3 and Cs2CO3) and oxides (e.g.,
Ga2O3, Fe2O3, Cr2O3, and TiO2) were used as starting materials. Stoichiometric amounts
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of raw materials were placed in the high-density polyethylene (HDPE) bottles. Ethanol
with 95% purity and yttrium stabilized zirconia (YSZ) grinding balls (Diameter: 5 mm and
10 mm) were added into the bottles to mix the powders. Ball-milling was performed for at
least 24 h to obtain a homogenous slurry. The slurry was dried overnight in an oven at 80
°C. The as-dried powders were ground by hands for approximately 10 min using an agate
mortar and pestle. Afterwards, the ground powders were cold pressed into pellets. Heat
treatment processes, including calcination and sintering, were performed in a box furnace.
Hollandite samples were prepared as follow: (1) sample pellets were heated up to a
temperature above 900 °C (e.g., usually between 900 °C and 1200 °C) for at least 2 h to
decompose the carbonates in the homogenously mixed materials; (2) as-calcined pellets
were crushed, ground, and wet ball-milled for additional 24-36 h; (3) as-obtained slurry
was dried overnight at 80 °C; (3) as-dried powders were ground, cold-pressed into pellets,
and sintered for at least 5 h at higher temperatures (e.g., usually between 1200 °C and 1300
°C) compared with calcination temperatures. Alumina crucibles were covered with
alumina lids and the pressed pellets were immersed in additional calcined powders to
minimize potential contamination from the furnace chamber as well as reduce the
volatilization of Cs and Ba at elevated temperatures. More experimental details can be
found in prior studies [44,45].
(b) Al-substituted hollandite
Reagent carbonates and oxides were added stoichiometrically into the 100 mL
polyethylene (PE) jars. Less than 80 mL of deionized (DI) water and zirconia grinding
media were added into the jars. The mixing process was completed by using a Turbula®
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mixer for 20 min. The slurry was dried overnight in an oven at the operation temperature
lower than 90 °C. As-dried powders were placed in a covered Pt 10%Rh crucible were
heated to 1000 °C for 1 h, 1200 °C for 6 h, and 1200 °C for 24 h. The as-calcined powders
were ground using a ring-pulverizer (Angstrom) between each heating treatment process.
3.2.2 Characterization
Powder XRD measurements were performed using a Rigaku Ultima IV
diffractometer with monochromatic Cu Kα radiation (λ = 1.54 Å) to analyze phase
formation of the synthesized samples. Microstructure of the measured samples were
investigated by a Hitachi SU6600 SEM. BSE imaging mode was usually selected for better
observation of morphology and phase distribution of the samples.
EDS coupled with the SU6600 SEM and AZtec software (Oxford Instruments)
were utilized to measure the actual elemental compositions. The EDS compositions were
determined by averaging the compositions of multiple different representative sites over
the cross-section or surface of the samples. ICP-MS and ICP-AES as the supplementary
techniques were conducted at Savannah River National Laboratory (SRNL) for select
samples to obtain the elemental concentration in the measured samples. ICP-MS was used
to acquire the concentration of Cs, while ICP-AES was used to measure the concentrations
of Ba, Ga, Fe, Al, and Ti.
High temperature (HT)-XRD was conducted at Alfred University [45] in order to
study the evolution of bulk structure of Fe-substituted hollandite as a function of
temperature. A Bruker D8 Advance diffractometer with monochromatic Cu Kα radiation
and an Anton Paar HTK 1200 heating stage were used. Powdered samples were mounted
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on an alumina plate with the purity of 99.6%. HT-XRD data were collected from the 2θ
range of 10°-80° with a 0.025° step size by using a fixed divergence slit. Separate steps
were set during the whole measurement: (1) the mounted powders were first heated from
room temperature (RT) to 450 °C with an increment of 25 °C; (2) and then the powdered
samples were heated to 1000 °C with an increment of 50 °C; (3) without isothermal
holding, the samples were cooled to 400 °C with an increment of 100 °C; (4) afterwards,
the samples were further cooled to 250 °C with an increment of 50 °C; (5) finally, the
samples were cooled to RT with an increment of 25 °C. The evolution of local structure at
different temperatures was also recorded by HT Raman spectroscopy at Alfred University
[45] using a WITec instrument with 633 nm laser and 5 mw output power. A 20-sec
integration time and 20 accumulations were selected. HF0 and HF0.1 were correspondingly
heated up from RT to 350 and 150 °C in order to induce potential monoclinic-to-tetragonal
(M-T) phase transformation. A Linkam scientific instruments with LINK 1.2.5.1300
software were used to keep the accuracy of the operating temperature within ± 1 °C.
3.3 Results and discussion
3.3.1 Ga-substituted hollandite
As shown in Figure 3.1, the XRD patterns of the three samples indicate that
tetragonal hollandite phases (space group: I4/m) have been formed for all three samples. In
addition, a weak peak present at ~29° 2θ for HG1.33 suggests that a small quantity of a
secondary phase might coexists with the major hollandite phase. According the PDF
database, however, this Bragg peak cannot be matched to any phases likely present in the
Cs-Ga-Ti-O system. One possibility is that this peak might be ascribed to a supercell
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structure included by the ordering of tunnel ions and vacancy. Analysis of the electron
diffraction patterns of the Cs end member might help resolve this issue [132].

Figure 3.1 The XRD patterns of the three Ga-substituted hollandite samples with various
Cs contents.

Elemental analysis of the synthesized hollandite samples was conducted, and the
measured compositions are given in Table 3.1. The compositions determined by the ICP
methods indicated that the actual compositions were close to the target stoichiometries.
Moreover, EDS as another more easily accessed technique was also chosen to provide the
elemental information. The actual EDS compositions were reported by averaging the
compositions of at least eight different representative sites over the cross-section of the
measured sample. The representative SEM image is shown in Figure 3.2, and totally 13
sites were selected in Figure 3.2 (a). Selected X-ray energy dispersive maps on Site 1, 3
and 7 of HG1.33 are displayed in Figure 3.2 (b-d). In general, as-measured EDS
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compositions were close to the results determined by the relatively more accurate ICP
methods, which confirmed the validity of using EDS results alone in future work. Figure
3.3 exhibits the microstructure of the surface of the three hollandite sample pellets (i.e.,
HG0, HG0.67, and HG1.33) and indicates that either distinct phase segregation or
secondary phases are not observed. In general, these results confirm that the actual
compositions of all three samples are close to the targeted formula. In addition, a larger
rod-like structure exists in the higher Cs-containing hollandite samples agreeing to the
previous studies [43].

Table 3.1 Target and analyzed compositions of the Ga-substituted hollandite samples based
on the results of ICP and EDS methods*.

*

Target composition

Sample

ICP composition

EDS composition

Ba1.33Ga2.66Ti5.37O16

HG0

Ba1.31Ga2.69Ti5.33O16

Ba1.27Ga2.71Ti5.33O16

Ba0.67Cs0.67Ga2Ti6O16

HG0.67

Ba0.67Cs0.53Ga2.04Ti6O16

Ba0.62Cs0.62Ga2.05Ti6O16

Cs1.33Ga1.33Ti6.67O16

HG1.33

Cs1.16Ga1.39Ti6.67O16

Cs1.31Ga1.34Ti6.67O16

The compositions of Ba, Cs and Ga were normalized to targeted Ti content, while the

oxygen content was accordingly corrected to achieve charge neutrality [44].
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Figure 3.2 (a) shows the select 13 different sites over the representative SEM of the
sample HG1.33, (b-d) are the X-ray energy dispersive maps on Site 1, Site 3, and Site 7
[44].
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Figure 3.3 The microstructure of the surface of (a) HG0, (b) HG0.67, and (c)
HG1.33 [44].

3.3.2 Fe-substituted hollandite
The room temperature-XRD (RT-XRD) spectra of synthesized Fe-substituted
hollandite samples are displayed in Figure 3.4. The results suggest that a single hollandite
phase with high crystallinity has been formed for each composition. A hollandite sample
normally exhibits monoclinic structure (space group: I2/m) when Cs content is low,
whereas a tetragonal structure (space group: I4/m) would be adopted for a relatively high
Cs-containing composition. As shown in Figure 3.4, the four Bragg peaks present in the
samples HF0.1 and HF0.2 in the 2θ range of ~27-28° merge gradually into the strongest
peak maximum as Cs content increases. The change of the diffraction pattern indicates the
occurrence of a monoclinic-to-tetragonal (M-T) phase transformation. Thus, the samples
HF0 and HF0.1 were confirmed to have monoclinic structure, while the samples HF0.2HF1.33 possessed the tetragonal structure. Moreover, the peak maximum(s) between ~2728° 2θ shifts to smaller 2θ angle with increased Cs substitution revealing the expansion of
the unit cell, which has been confirmed by the previous studies [41–44,129,130].
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Figure 3.4 The RT-XRD patterns of the samples HF0-HF1.33 with various Cs contents
[45].

It is attractive to find a way to effectively predict the crystal structure (symmetry)
of hollandite-type materials because the monoclinic one is usually less stable than its
tetragonal counterpart [42,61,99]. Two models have been established by Post et al. [27]
and Zhang & Burnham [35] since the 1980s. Post et al. claimed that the structure of the
hollandite is monoclinic if the ratio of the average ionic radius of the B-site cations to that
of the A-site cations (RB/RA) is larger than 0.48, however the monoclinic structure will
transform to the tetragonal structure when RB/RA < 0.48 [27]. Zhang & Burnham predicted
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that the hollandite structure exhibits tetragonal symmetry if 𝑅𝑅𝐴𝐴 > √2(𝑅𝑅𝑂𝑂 + 𝑅𝑅𝐵𝐵 ) − 𝑅𝑅𝑂𝑂 ,

whereas it would adopt monoclinic symmetry if 𝑅𝑅𝐴𝐴 < √2(𝑅𝑅𝑂𝑂 + 𝑅𝑅𝐵𝐵 ) − 𝑅𝑅𝑂𝑂 − 0.15. The

structure will be either monoclinic or tetragonal if 𝑅𝑅𝐴𝐴 is between the two criteria. In

general, however, Zhang & Burnham’s model is more applicable to predict the tetragonal

symmetry comparing to the model proposed by Post et al. [27,35]. Figure 3.5 was drawn
to clearly demonstrate the boundary of the M-T phase transformation for the Fe-substituted
hollandite system. The values of RA and RB were calculated based on Shannon effective
ionic radii [133]. For example, A-site cations Cs+ = 1.74 Å and Ba2+ = 1.42 Å in eightfold
coordination, while B-site cations Ti4+ = 0.605 Å and Fe3+ = 0.645 Å (high spin) in sixfold
coordination. The values of RA, RB, and RB/RA are given in Table 3.2. In Figure 3.5 [45],
the samples HF0.2-HF1.33 with the tetragonal structure fall into the tetragonal region as
expected, but the samples HF0 and HF0.1 adopting the monoclinic structure appear in the
undetermined region instead of the monoclinic region. The M-T phase transformation
observed in this work agrees well to the Ba1.2-xCsxFe2.4-xTi5.6+xO16 (0 ≤ x ≤ 0.6) hollandite
systems studied by Bailey et al. [129]. In addition, Grote et al. [42] also reported that the
tetragonal hollandite samples in the Zn-substituted hollandite system Ba1.33-xCsxZn1.33x/2Ti6.67+x/2O16

(0 ≤ x ≤ 1.33) were present in the Zhang & Burnham’s tetragonal zone.

Therefore, Zhang & Burnham’s tetragonal criterion can be used to effectively design
tetragonal hollandite materials considering the uncertain symmetry in the undetermined
zone.
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Figure 3.5 Based on the model proposed by Zhang & Burnham [35], the region
above the red dash line and below the black dot dash line is for tetragonal and monoclinic
zone, respectively. The region demarcated by the two colored lines is called
undetermined zone. The blue straight line is the criterion of Post et al. [27]. The data
from this dissertation are labeled as closed circles and the data referred from Bailey et al.
[129] are represented as open squares. T and M are the abbreviations for the tetragonal
and monoclinic structure, respectively [45].
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Table 3.2 Crystal structure, space group, average ionic radius of cations on A-sites (RA)
and B-sites (RB), the ratio of RB/RA of the Fe-substituted hollandite samples*.
Sample

*

Crystal
structure

Space group

RA (Å)

RB (Å)

RB/RA

HF0

Monoclinic

I2/m

1.420

0.618

0.435

HF0.1

Monoclinic

I2/m

1.437

0.618

0.430

HF0.2

Tetragonal

I4/m

1.460

0.617

0.423

HF0.67

Tetragonal

I4/m

1.568

0.615

0.392

HF1.33

Tetragonal

I4/m

1.740

0.612

0.352

Table 3.2 is referred from the previous study by Zhao et al. [45].

In Figure 3.6, the HT-XRD patterns with partial 2θ range of select samples HF0HF0.67 display the evolution of the Bragg peaks as a function of temperatures. Four peaks
within the range of 24-30° 2θ belonging to the samples HF0 and HF0.1 merge into one
peak with increased temperature, suggesting that a M-T phase transformation occurred for
both samples. Moreover, the merged peak split into four peaks again when the temperature
cooled down to RT, so the M-T phase transformation is structurally reversible. For the
samples HF0.2 and HF0.67, no distinguishable changes have been observed which
indicates that their tetragonal structure are remained as the temperature is increased. The
HT-XRD patterns with full 2θ range of the samples HF0-HF0.67 can be found in Figure
3.7.
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Figure 3.6 The HT-XRD patterns with partial 2θ range of the samples (a) HF0, (b) HF0.1,
(c) HF0.2 and (d) HF0.67 indicates the structural evolution as a function of temperatures
at the long-range ordering period. Note: The HT-XRD experiments were conducted at
Alfred University [45].
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Figure 3.7 The HT-XRD patterns with full 2θ range of the samples (a) HF0, (b)
HF0.1, (c) HF0.2 and (d) HF0.67 during heating and cooling steps. Note: The HT-XRD
experiments were conducted at Alfred University [45].

Figure 3.8 displays the HT-Raman spectra of HF0 and HF0.1. As shown in Figure
3.8 (a), five major peaks are observed for HF0 at RT. They are at ~83, ~130, ~367, ~556
and ~700 cm-1, while a weak shoulder peak also appears at ~600 cm-1. The peak at ~83 cm1

should be resulted from the vibration of the A-site tunnel cations (i.e., Ba2+) [119]. The

peak at ~130 cm-1 might be attributed to the (Fe,Ti)-O symmetric stretching of (Fe,Ti)O6
octahedra. Another three peaks at ~367, ~556 and ~700 cm-1 along with the shoulder peak
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at ~600 cm-1 might be induced by the bending mode of (Fe,Ti)O6 octahedra [119,134–139].
Besides the structural evolution occurring over the long-range ordering period, some local
structural changes are clearly observed as increased temperatures as well. For instance, the
intensity of the peak at ~83 cm-1 increases slightly and the peak shifts gradually to higher
wavenumber when the temperature is increased from RT to higher temperatures, which
might indicate stronger vibration of tunnel cations Ba2+ [119]. Moreover, the bending mode
of (Fe,Ti)O6 octahedra is affected by elevating temperatures: (i) the peak at ~367 cm-1 at
RT shifts to lower wavenumber, and (ii) the peak at ~556 cm-1 along with the shoulder
peak at ~600 cm-1 at RT merge gradually into one broad peak. In addition, decreased
intensity of the peak at ~700 cm-1 at higher temperature supports the occurrence of the MT phase transformation for the sample HF0 [139]. Similar changes of the Raman spectra
of the sample HF0.1 at different temperatures are also observed in Figure 3.8 (b).
Consequently, the M-T phase transformation can be reflected over different length-scales.
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Figure 3.8 The HT-Raman data of (a) HF0 and (b) HF0.1 within their own
temperature range where the M-T phase transformation occurred. Note: The HT-Raman
experiments were conducted at Alfred University [45].

Elemental compositions of the samples HF0-HF1.33 are given in Table 3.3. The
methodology to obtain the analyzed EDS compositions has been described in previous
Section 3.3.1 of Ga-substituted hollandite. The results in Table 3.3 show that the actual
compositions in the samples are close to the targeted stoichiometries. Moreover, Figure 3.9
displays various X-ray elemental maps for the sample HF0.67 suggesting that the
distribution of each element is homogeneous over the sample surface. In addition, no
distinct secondary phases have been observed from the BSE images in Figure 3.10.
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Table 3.3 Target and analyzed EDS compositions of the Fe-substituted hollandite samples*.

*

Sample

Target composition

EDS composition

HF0

Ba1.33Fe2.67Ti5.33O16

Ba1.35Fe2.65Ti5.33O16

HF0.1

Ba1.23Cs0.1Fe2.56Ti5.44O16

Ba1.23Cs0.07Fe2.57Ti5.44O16

HF0.2

Ba1.13Cs0.2Fe2.46Ti5.54O16

Ba1.12Cs0.16Fe2.48Ti5.54O16

HF0.67

Ba0.667Cs0.667Fe2Ti6O16

Ba0.69Cs0.59Fe2.01Ti6O16

HF1.33

Cs1.33Fe1.33Ti6.67O16

Cs1.27Fe1.35Ti6.67O16

The compositions were normalized to targeted Ti content, while the oxygen content was

accordingly corrected to achieve charge neutrality [45].
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Figure 3.9 The X-ray maps show the distribution of (a) Cs, (b) Ba, (c) Fe, and (d) Ti over
the surface of the sample HF0.67 [45].
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Figure 3.10 BSE images of the samples of (a) HF0, (b) HF0.1, (c) HF0.2, (d) HF0.67, and
(e) HF1.33 [45].

The obtained EDS compositions are also useful to evaluate Cs retention for
hollandite waste forms because Cs volatilization is one of the most critical issues at
elevated temperatures. Therefore, Cs retention of the sintered pellets HF0.1-HF1.33 were
calculated based on the analyzed results in Table 3.3. As-calculated Cs retention is reported
in Figure 3.11. It is worth noting that the Cs retention of the sample HF0 is not included in
Figure 3.11 because no Cs-containing chemicals were used during synthesis. As shown in
Figure 3.11, a slight increase of Cs substitution from HF0.1 to HF0.2 would significantly
improve Cs retention by increasing ~12%. Meanwhile, the Cs retention has been
continuously increased in the samples with higher Cs content (i.e., HF0.67 and HF1.33),
although the increasing rate is slowed down to ~7-8%. These results indicate that large Cs
cations prefer to be incorporated into the tunnels of hollandite structure instead of
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volatilization. This trend agrees generally with previous investigation on the Zn-substituted
hollandite waste forms [42].

Figure 3.11 (a) The Cs retention of the sintered sample pellets HF0.1-HF0.67 as
determined by EDS measurements (Experimental errors are estimated by two standard
deviations of the average of actual Cs concentrations.) [45]; (b) the increasing rate of Cs
retention of the sintered sample pellets HF0.1-HF0.67.

3.3.3 Al-substituted hollandite
Figure 3.12 shows the XRD spectra of the synthesized Al-substituted hollandite
samples HA0-HA1.0. All of the samples with various Cs contents exhibit tetragonal
hollandite structure (space group: I4/m) and a small number of secondary phases (e.g.,
Al2O3 corundum and TiO2 rutile) are present in some samples. The actual compositions of
the hollandite phase and the amount of the secondary phases were analyzed and given in
Table 3.4. It is notable that the peak at ~18° 2θ in the sample HA0.16 is much broader
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compared to other samples. It is because HA0.16 was synthesized via combustion synthesis
method, while other compositions were synthesized via solid-state reactions [50]. The
particle size of the samples made by combustion synthesis is usually finer than those
obtained from solid-state reactions, which is supported by the broader full width at half
maximum (FWHM) of XPD peaks in HA0.16 (Figure 3.12). Figure 3.13 displays the BSE
images of select samples which were not ball-milled or ground, showing that the
microstructure of all the samples are chunks with various sizes. This structural feature was
previously reported in the Fe-substituted hollandite waste forms [45].

Figure 3.12 The XRD patterns of the Al-substituted hollandite samples HA0-HA1.0
containing different Cs contents [50].
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Table 3.4 Target and analyzed compositions of the Al-substituted hollandite samples*.

*

Sample name

Target composition

Analyzed composition

HA0

Ba1.33Al2.66Ti5.34O16

Ba1.53Al2.54Ti5.34O16

HA0.16

Ba1.167Cs0.163Al2.50Ti5.50O16

Ba1.25Cs0.16Al2.44Ti5.50O16

HA0.33

Ba1Cs0.33Al2.33Ti5.67O16

Ba1.02Cs0.32Al2.32Ti5.67O16

HA0.67

Ba0.667Cs0.667Al2Ti6O16

Ba0.67Cs0.72Al1.98Ti6O16

HA1.0

Ba0.33Cs1Al1.67Ti6.33O16

Ba0.34Cs1.07Al1.64Ti6.63O16

The compositions were normalized to targeted Ti content, while the oxygen content was

accordingly corrected to achieve charge neutrality [50].

Figure 3.13 The BSE images of the Al-substituted hollandite samples (a) HA0, (b)
HA0.33, (c) HA1.0 [50].

3.3.4 Cr-substituted hollandite
The XRD spectra of the synthesized Cr-substituted hollandite samples are shown
in Figure 3.14 indicating that the hollandite phase has been formed for each composition.
The Ba end member HC0 exhibits monoclinic structure (space group: I2/m), while the Cscontaining samples possess tetragonal structure (space group: I4/m). The inset in Figure
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3.14 shows that the four peaks of HC0 in the 2θ range of ~ 27-29° merged into one peak
when a slight number of Cs was substituted for Ba. This structural change was induced by
a M-T phase transformation. In addition, the peak shifts to smaller 2θ angle as increased
Cs content suggesting the expansion of the unit cell supporting by the prior studies [41–
44,129,130]. The EDS compositions of the samples are given in Table 3.5 and their
microstructures are shown in Figure 3.15. Apparent rod-structure is observed for the
samples HC0, HC0.33, and HC0.67, which were crushed from sintered pellets. To obtain
pure hollandite phase, however, the Cs end-member HC1.33 had to be fired at a lower
temperature (i.e., 1200 °C) without pressing into a pellet. It is likely that the absence of the
rod-structure was attributed to the different processing conditions.
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Figure 3.14 The XRD patterns of the Cr-substituted hollandite samples HC0-HC1.33
containing various Cs contents.

Table 3.5 Target and analyzed compositions of the Cr-substituted hollandite samples*.

*

Sample name

Target composition

Analyzed composition

HC0

Ba1.33Cr2.66Ti5.34O16

Ba1.29Cr2.69Ti5.34O16

HC0.2

Ba1.13Cs0.2Cr2.46Ti5.54O16

Ba1.15Cs0.19Cr2.45Ti5.54O16

HC0.33

Ba1Cs0.33Cr2.33Ti5.67O16

Ba1.04Cs0.24Cr2.34Ti5.67O16

HC0.67

Ba0.67Cs0.67Cr2Ti6O16

Ba0.73Cs0.51Cr2.01Ti6O16

HC1.33

Cs1.33Cr1.33Ti6.67O16

Cs1.35Cr1.32Ti6.67O16

Compositions were normalized to Ti and oxygen contents were corrected to achieve

charge balance.
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Figure 3.15 The BSE images of the Cr-substituted hollandite samples (a) HC0, (b)
HC0.33, (c) HC0.67, and (d) HC1.33.

3.4 Summary
 As Cs content is increased, the unit cell of Ga-, Fe-, Al- and Cr-substituted
hollandite is expanded.
 As Cs content is increased, Ga- and Al-substituted hollandite samples remain
tetragonal structure, while a monoclinic-to-tetragonal phase transition is induced
for Fe- and Cr-substituted hollandite samples.
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 For the monoclinic hollandite at room temperature (e.g., certain Fe-substituted
hollandites), its structure over different length-scales is depending on the
temperature.
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CHAPTER FOUR
THERMOCHEMISTRY
4.1 Introduction
Thermodynamic stability is vital for the hollandite-type materials as waste forms.
In general, thermodynamic stability can be evaluated from the Gibbs free energy (∆G)
which is defined as ∆G = ∆H - T∆S where ∆H, T, and ∆S are changes of enthalpy,
temperature, and changes of entropy, respectively. In a solid-state reaction, the overall ∆G
term will be majorly determined by the enthalpic change (∆H) when it is strongly negative
(or exothermic) because the change of vibrational entropy (∆Svib.) is typically small [61].
Moreover, the ∆Svib. term would be further counteracted somewhat by the positive
configuration entropic contribution (∆Sconf.) resulted from the positional disordering on Bsites [44]. In fact, only solid phases are involved in all chemical reactions to form hollandite
phases through this dissertation as all processing temperatures are not higher than 1250 °C
which is lower than the reported lowest melting points (i.e., ~1300 °C) of hollandite
materials [21,120]. Therefore, the free energy (energetic stability) could be represented by
the enthalpy term (thermodynamic stability).
In Chapter 4, the enthalpies of formation, a indictor for thermodynamic stability,
for the three hollandite series (i.e., Ga, Fe, and Al as the substitutions on B-sites) with
different Cs contents were measured by utilizing high-temperature oxide melt solution
calorimetry, which were used as the indicator to evaluate the thermodynamic stability.
Furthermore, the factors affecting the formation enthalpies were discussed. In addition, the

48

relative phase stability between the hollandite structure and potential competing phase
assemblages was also analyzed from the perspective of the enthalpies of reaction.
4.2 Experimental procedure
High-temperature oxide melt solution calorimetry was performed using both a
custom-built Calvet-type twin calorimeter or an AlexSYS 1000 calorimeter (Setaram Inc.)
operating at 702 °C. Experimental details have been described in Chapter 2.
4.3 Results and discussion
4.3.1 Ga-substituted hollandite
The enthalpies of drop solution (ΔHds) for the three hollandite samples (i.e., HG0,
HG0.67, and HG1.33) measured in the molten sodium molybdate (3Na2O·4MoO3) solvent
at 702 °C are given in Table 4.1. To determine the enthalpies of formation at 25 °C from
the corresponding constituent oxides (ΔHf,ox) and from the elements (ΔHf,el) for the Gasubstituted hollandite, the values of ΔHds and ΔHf,el for BaO, Cs2O, Ga2O3 and TiO2 are
required. Fortunately, these values have been previously measured and can be found in
Table 4.2 [88,140–144]. Therefore, reasonable thermochemical cycles could be conceived
to calculate the values of ΔHf,ox and ΔHf,el for the hollandite samples by importing the
reported data in Table 4.1. Table 4.3 containing the thermochemical cycles for the sample
HG0.67 is severed as an example to demonstrate how to calculate the values of ΔHf,ox and
ΔHf,el. As shown in Table 4.1 and Figure 4.1, the values of ΔHf,ox for the three hollandite
samples are all exothermic, suggesting that they are thermodynamically stable with respect
to their constituent oxides at 25 °C. Furthermore, the values of ΔHf,ox become increasingly
exothermic as increased Cs content. It is worth noting that significantly negative enthalpy
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is the dominating term in the Gibbs free energy in the synthesis of a solid-state reaction,
because the overall contribution from the changes of the entropic terms (including both
configurational and vibrational entropic changes) is very small at temperatures below 700
°C [61]. Therefore, it is convincing that higher Cs-containing hollandite compound is more
energetically stable, which agrees well with the previous density functional theory (DFT)
calculations by Wen et al. [128]. The driving force leading the increased energetic stability
with increased Cs content origins from two main sources. The first source is the strongly
basic character of Cs2O, which makes ternary compound formation with relatively acidic
oxides very exothermic. The second one is the enhanced capacity for disorder in the
(Ga,Ti)O6 octahedral framework observed for the sample HG1.33 with the highest Cs
content, which has been discussed in our previous studies [44].

Table 4.1 Enthalpies of drop solution (ΔHds) in sodium molybdate solvent at 702 °C and
enthalpies of formation from constituent oxides (ΔHf,ox) and from the elements (ΔHf,el) for
the Ga-substituted hollandite samples at 25 °C. Uncertainty is two standard deviation of
the mean and the value in parentheses is the number of experiments*.

*

Sample

EDS composition

ΔHds (kJ/mol)

ΔHf,ox (kJ/mol)

ΔHf,el (kJ/mol)

HG0

Ba1.27Ga2.71Ti5.33O16

398.50 ± 5.90 (8)

−132.90 ± 7.55

−7338.59 ± 9.07

HG0.67

Ba0.62Cs0.62Ga2.05Ti6O16

435.34 ± 3.06 (8)

−159.49 ± 4.12

−7385.45 ± 6.47

HG1.33

Cs1.31Ga1.34Ti6.67O16

470.66 ± 3.35 (8)

−206.55 ± 3.77

−7457.54 ± 6.58

Table 4.1 is referred from the previous study by Zhao et al. [44].

50

Table 4.2 The values of ΔHds in sodium molybdate solvent at 702 °C and enthalpies of
formation from the elements (ΔHf,el) at 25 °C of the constituent binary oxides of the Gasubstituted hollandite samples. The values in brackets are the reference numbers*.

*

Oxide

ΔHds (kJ/mol)

ΔHf,el (kJ/mol)

BaO

−184.61 ± 3.21 [140]

−548.1 ± 2.1 [143]

Cs2O

−348.9 ± 1.7 [141]

−346.0 ± 1.2 [143]

Ga2O3

130.16 ± 1.66 [142]

−1089.1 [144]

TiO2

60.81 ± 0.11 [88]

−944.0 ± 0.8 [143]

Table 4.2 is referred from the previous study by Zhao et al. [44].
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Table 4.3 Thermochemical cycles used for calculating the values of ΔHf,ox and ΔHf,el for
the sample HG0.67 with correction based on the EDS compositions in Table 4.1*.
Enthalpy of formation of HG0.67 from the oxides at 25 °C (ΔHf,ox)
Ba0.62Cs0.62Ga2.05Ti6O16 (s,25°C) → 0.62 BaO (sln,702°C) + 0.31 Cs2O (sln,702°C) + 1.025
Ga2O3 (sln,702°C) + 6 TiO2 (sln,702°C)

ΔHds

0.62 BaO (s,25°C) → 0.62 BaO (sln,702°C)

ΔH1

0.31 Cs2O (s,25°C) → 0.31 Cs2O (sln,702°C)

ΔH2

1.025 Ga2O3 (s,25°C) → 1.025 Ga2O3 (sln,702°C)

ΔH3

6 TiO2 (s,25°C) → 6 TiO2 (sln,702°C)

ΔH4

0.62 BaO (s,25°C) + 0.31 Cs2O (s,25°C) + 1.025 Ga2O3 (s,25°C) + 6 TiO2 (s,25°C) →
Ba0.62Cs0.62Ga2.05Ti6O16 (s,25°C)

ΔHf,ox

ΔHf,ox = ∑ΔHi (i = 1 - 4) − ΔHds
Enthalpy of formation of HG0.67 from the elements at 25 oC (ΔHf,el)
0.62 BaO (s,25°C) + 0.31 Cs2O (s,25°C) + 1.025 Ga2O3 (s,25°C) + 6 TiO2 (s,25°C) →
Ba0.62Cs0.62Ga2.05Ti6O16 (s,25°C)

ΔHf,ox

0.62 Ba (s,25°C) + 0.31 O2 (g,25°C) → 0.62 BaO (s,702°C)

ΔH5

0.62 Cs (s,25°C) + 0.155 O2 (g,25°C) → 0.31 Cs2O (s,702°C)

ΔH6

2.05 Ga (s,25°C) + 1.5375 O2 (g,25°C) → 1.025 Ga2O3 (s,702°C)

ΔH7

6 Ti (s,25°C) + 6 O2 (g,25°C) → 6 TiO2 (s,702°C)

ΔH8

0.62 Ba (s,25°C) + 0.62 Cs (s,25°C) + 2.05 Ga (s,25°C) + 6 Ti (s,25°C) + 8 O2 (g,25°C) →
Ba0.62Cs0.62Ga2.05Ti6O16 (s,25°C)

ΔHf,el

ΔHf,el = ΔHf,ox + ∑ΔHi (i = 5 - 8)
*

Table 4.3 is referred from the previous study by Zhao et al. [44].
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Figure 4.1 The trends of ΔHf,ox determined by calorimetric experiments and DFT
calculations as a function of Cs contents for the samples HG0-HG1.33 [44,128].

The three Ga-substituted hollandite samples are all very energetically stable
compared with their binary constituent oxides. When evaluating their suitability as nuclear
waste forms, however, one must also consider their stability with respect to other
competing phase assemblages, such as ternary oxides [25,61]. A conceivable phase
assemblage may contain the perovskite structured BaTiO3 and other constituent oxides.
Thus, the relative stability between the hollandite phase and those potential phase
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assemblage can be evaluated from the viewpoint of thermodynamics by using the following
chemical reactions (actual EDS compositions are used): [25,44,61]
Ba1.27Ga2.71Ti5.33O16 = 1.27 BaTiO3 + 1.355 Ga2O3 + 4.06 TiO2

(4.1)

Ba0.62Cs0.62Ga2.05Ti6O16 = 0.62 BaTiO3 + 0.31 Cs2O + 1.025 Ga2O3 + 5.38 TiO2

(4.2)

Other phases including Cs-Ga-O, Cs-Ti-O, Ba-Ga-O and Ga-Ti-O systems are also
potential phase competitors, but they have not been reported in SYNROC systems. In
addition, ΔHf,ox data are not available for many of these phases as well. Therefore, they
will not be further considered in the following analysis [25].
The enthalpies of reaction (ΔHrxn) at standard conditions are calculated as follows
[25,44,61]:
ΔHrxn_HG0 = 1.27 ΔHf,ox (BaTiO3) − ΔHf,ox_ HG0 = −60.52 ± 9.10 kJ/mol

(4.3)

ΔHrxn_HG0.67 = 0.62 ΔHf,ox (BaTiO3) − ΔHf,ox_HG0.67 = 65.06 ± 4.81 kJ/mol

(4.4)

where the values of ΔHf,ox for the samples HG0 and HG0.67 can be found in Table 4.1,
while ΔHf,ox (BaTiO3) = −152.3 ± 4.0 kJ/mol has been previously reported [145]. It is worth
noting that the value of ΔHrxn for the HG1.33 is not calculated as this sample cannot
decompose to the perovskite structured BaTiO3 because it does not contain Ba content.
According to the obtained values of ΔHrxn for the three hollandite samples, it can
be concluded that the sample HG0.67 is energetically stable at room temperature with
respect to BaTiO3, Cs2O, Ga2O3, and TiO2, as its ΔHrxn is endothermic. In contrast, the Ba
end-member HG0 is not stable with respect to BaTiO3, Ga2O3, and TiO2 due to its
exothermic ΔHrxn. These thermodynamic assessments provide further evidence that
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increased Cs content stabilizes hollandite structure from the perspective of phase formation
of the targeted phase itself, as well as from possible decomposition to other phases.
4.3.2 Fe-substituted hollandite
The values of ΔHds for the samples HF0-HF1.33 measured in the molten sodium
molybdate (3Na2O·4MoO3) solvent at 702 °C are given in Table 4.4. The values of ΔHds
and ΔHf,el for the constituent oxides of the Fe-substituted hollandite samples are given in
Table 4.5 [88,140,141,143,146]. Therefore, the values of ΔHf,ox and ΔHf,el of all hollandite
samples can be calculated and further reported in Table 4.4 by using the methodology
described in the previous section of Ga-substituted hollandite. As shown in Figure 4.2 (a),
the values of ΔHf,ox for HF0-HF1.33 are all strongly exothermic, while the values of ΔHf,ox
become more exothermic with increased Cs content. These results suggest that all Fesubstituted hollandite samples are more thermodynamically stable than their constituent
oxides and the hollandite with higher Cs content is even more stable comparing to the lower
Cs-containing counterparts. Furthermore, the high Cs-containing compound is also more
energetically stable because the strongly exothermic enthalpic change dominates the
overall Gibbs free energy [61].

55

Table 4.4 The values of ΔHds in sodium molybdate solvent at 702 °C and the values of
ΔHf,ox and ΔHf,el of the Fe-substituted hollandite samples at 25 °C. Uncertainty is two
standard deviations of the mean and the value in parentheses is the number of experiments*.
Sample

EDS composition

ΔHds (kJ/mol)

ΔHf,ox (kJ/mol)

ΔHf,el (kJ/mol)

ΔHrxn (kJ/mol)

HF0

Ba1.35Fe2.65Ti5.33O16

398.60 ± 3.87 (8)

−196.67 ± 5.88

−7067.03 ± 7.99

−8.93 ± 8.89

HF0.1

Ba1.23Cs0.07Fe2.57Ti5.44O16

403.09 ± 5.20 (8)

−188.68 ± 6.62

−7071.98 ± 8.49

1.35 ± 9.07

HF0.2

Ba1.12Cs0.16Fe2.48Ti5.54O16

416.00 ± 8.33 (6)

−195.21 ± 9.14

−7091.01 ± 10.55

24.63 ± 10.99

HF0.67

Ba0.69Cs0.59Fe2.01Ti6O16

442.05 ± 9.26 (6)

−211.39 ± 9.57

−7185.98 ± 10.89

106.30 ± 7.72

HF1.33

Cs1.27Fe1.35Ti6.67O16

482.43 ± 7.91 (6)

−234.03 ± 8.03

−7304.79 ± 9.71

N/A*

*

ΔHrxn of the HF1.33 was non-available (N/A) due to the lack of Ba cations on A-sites

[45].

Table 4.5 The values of ΔHds in sodium molybdate solvent at 702 °C and ΔHf,el at 25 °C of
the constituent binary oxides of the Fe-substituted hollandite samples. The values in
brackets are the reference numbers*.

*

Oxide

ΔHds (kJ/mol)

ΔHf,el (kJ/mol)

BaO

−184.61 ± 3.21 [140]

−548.1 ± 2.1 [143]

Cs2O

−348.9 ± 1.7 [141]

−346.0 ± 1.2 [143]

α-Fe2O3

95.63 ± 0.50 [146]

−826.2 ± 1.3 [143]

TiO2

60.81 ± 0.11 [88]

−944.0 ± 0.8 [143]

Table 4.5 is referred from the previous study by Zhao et al. [45].
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Figure 4.2 (a) The trends of ΔHf,ox determined by calorimetric measurements as a function
of Cs contents for the samples HF0-HF1.33; (b) the comparison of formation enthalpies of
select sintered and calcined samples [45].

High-temperature oxide melt solution calorimetry was also performed for the
calcined powdered samples HF0 (C), HF0.67 (C), and HF1.33 (C) in order to investigate
whether the enthalpy of formation (ΔHf,ox) of hollandite was affected by different
processing (i.e., sintering versus calcination). Actual elemental compositions of the three
calcined samples were also measured by EDS and given in Table 4.6. The values of ΔHf,ox
for these calcined samples were calculated by using the same approach used for the sintered
samples and given in Table 4.7. Figure 4.2 (b) displays a consistent trend for both sintered
and calcined samples. Moreover, the difference of ΔHf,ox between the calcined and sintered
samples is very small and within the experimental uncertainty. Consequently, for
hollandite-type nuclear waste forms, the enthalpy of formation as a thermodynamic
property might not be impacted by conventional sintering under current conditions.
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Table 4.6 Target and analyzed EDS compositions of three calcined powdered samples of
the Fe-substituted hollandite*.
Sample

Target composition

EDS composition

HF0 (C)

Ba1.33Fe2.67Ti5.33O16

Ba1.39Fe2.63Ti5.33O16

HF0.67 (C)

Ba0.667Cs0.667Fe2Ti6O16

Ba0.68Cs0.62Fe2.01Ti6O16

HF1.33 (C)

Cs1.33Fe1.33Ti6.67O16

Cs1.35Fe1.33Ti6.67O16

* The compositions were normalized to targeted Ti content, while the oxygen content was
accordingly corrected to achieve charge neutrality [45].

Table 4.7 Enthalpies of drop solution (ΔHds) in 3Na2O·4MoO3 solvent at 702 °C and
enthalpies of formation from constituent oxides (ΔHf, ox) and from the elements (ΔHf,el) of
three calcined powder samples of the Fe-substituted hollandite at 25 °C. Uncertainty is two
standard deviations of the mean and the value in parentheses is the number of experiments*.

*

Sample

ΔHds (kJ/mol)

ΔHf,ox (kJ/mol)

ΔHf,el (kJ/mol)

HF0 (C)

386.87 ± 5.80 (9)

−193.38 ± 7.37

−7075.78 ± 9.16

HF0.67 (C)

431.58 ± 4.73 (8)

−204.84 ± 5.30

−7178.07 ± 7.42

H1.33 (C)

462.25 ± 6.74 (9)

−229.49 ± 6.89

−7305.00 ± 8.79

Table 4.7 is referred from the previous study by Zhao et al. [45].

Enthalpies of formation could be affected by a variety of factors which will be
discussed as follows:
(a) Symmetry
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It is attractive to study the effect of symmetry on formation enthalpy. Depending
on the Cs content, the samples HF0 and HF0.1 have monoclinic symmetry while the
samples HF0.2-HF1.33 are tetragonal. The changes of enthalpy induced by the M-T phase
transformation were investigated in our previous studies [45]. The results of DSC showed
that no thermal peak was captured either because it was immersed into the baseline of heat
flow or because it was too small to be detected by the instrument. In fact, this is not
unexpected. For many oxide compounds (e.g., perovskite-type BaTiO3 and ZrO2), the
enthalpic change resulting from slightly symmetric transformation is small enough to be
neglected considering the larger formation enthalpy [145,147]. Therefore, the effect of
symmetry on formation enthalpy of the Fe-substituted hollandite system is minor.
(b) The ratio of RB/RA
Several studies have indicated that the enthalpic stability is increased with
decreased ratio of RB/RA [41,61]. This trend has been generally confirmed in Table 4.8 and
Figure 4.3 (a) for the Fe-substituted hollandite series, although the value of ΔHf,ox for HF0
is slightly more exothermic than expected. Similar behavior was also observed in the Znsubstituted hollandite system in which a M-T phase transformation would occur as
increased Cs substitution [42]. The mild enthalpic anomaly might arise from variations of
local environments over the atomistic-scale, such as different (Fe,Ti)-O bond lengths and
different arrangements of A-site and B-site cations [41,61,124,143].
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Table 4.8 The average ionic radius of cations on A-sites (RA) and B-sites (RB), the ratio of
RB/RA, tH, and ΛH of the samples HF0-HF1.33*.

*

Sample

RA (Å)

RB (Å)

RB/RA

tH

ΛH

HF0

1.420

0.618

0.435

0.984

0.788

HF0.1

1.437

0.618

0.430

0.992

0.789

HF0.2

1.460

0.617

0.423

1.003

0.789

HF0.67

1.568

0.615

0.392

1.055

0.790

HF1.33

1.740

0.612

0.352

1.136

0.792

Table 4.8 is referred from the previous study by Zhao et al. [45].

(c) Tolerance factor
Tolerance factor could impact on the enthalpy of formation for hollandite structure
[41,61]. Therefore, the tolerance factor of a hollandite compound (tH) can be calculated by
using Equation 4.5 [149]:
𝑡𝑡𝐻𝐻 =

1
2

1

[(𝑅𝑅𝐴𝐴 +𝑅𝑅𝑂𝑂 )2 − (𝑅𝑅𝐵𝐵 +𝑅𝑅𝑂𝑂 )2 ]2
3
2

� (𝑅𝑅𝐵𝐵 +𝑅𝑅𝑂𝑂 )

(4.5)

where RA and RB are the average ionic radii of A-site and B-site cations respectively, and
RO is the oxygen ion radius [21,149]. The values of RA and RB and can be found in Table
4.8. The calculated tH values of the samples HF0-HF1.33 are given in Table 4.8 as well. In
Figure 4.3 (b), the value of ΔHf,ox becomes increasingly exothermic as increased tH,
indicating that thermodynamic stability is improved with higher tH value as long as it falls
into the range of 0.93 ≤ tH ≤ 1.16 [149].
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(d) Optical basicity
Enthalpy of formation may be related to optical basicity [61,150,151]. If the
stoichiometry of mixed oxides is known, theoretical optical basicity of these oxides or of
any oxygen-containing solid could be calculated by using the optical basicity of cations
(Λth) in their appropriate coordination and valence [152]. For example, the equation of
optical basicity (ΛH) of Fe-substituted hollandite series Ba1.33-xCsxFe2.66-xTi5.33+xO16 can be
expressed in Equation 4.6 [61,150,151]:
𝛬𝛬H =

2∙(1.33−𝑥𝑥)𝛬𝛬Ba +𝑥𝑥𝑥𝑥Cs +3∙(2.66−x)𝛬𝛬Fe +4∙(5.33+𝑥𝑥)𝛬𝛬Ti
32

(4.6)

The values of Λth values have been reported by Leboutiller and Courtine [151]: Ba2+ = 1.25
and Cs+ = 1.70 in eightfold coordination, while Fe3+ = 0.77 and Ti4+ = 0.75 in sixfold
coordination. The calculated values of ΛH for the samples HF0-HF1.33 are listed in Table
4.8. As a result, the values of ΛH for the HF0-HF1.33 are mostly unchanged across the
entire compositional range. It is likely that the expected stronger basic character from
higher Cs content is mitigated by the relatively strong optical basicity of Fe3+, which is
slightly larger than that of Ti4+ [151]. Therefore, the effect of optical basicity on the
enthalpy of formation for the Fe-substituted hollandite is minor.
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Figure 4.3 Variations of ΔHf,ox and (a) RB/RA, (b) tH as a function of Cs contents for the
samples HF0-HF1.33.

The phase stability between the hollandite waste forms and other competing phase
assemblages is also required to be considered. According to our previous studies [45], a
variety of ternary oxides may form along with the formation of hollandite phases. Among
these oxides, perovskite-structured BaTiO3 is likely to form at high temperatures (e.g.,
1200 °C) and might co-exist with the formed hollandite phase even at room temperature
[25,42,44,61]. In fact, Cs-Fe-O, Cs-Ti-O, Ba-Fe-O and Ba-Ti-O (other than BaTiO3
perovskite) systems are also potential competing phases but none of them have been
reported at ambient conditions in non-melted processing in which zirconia grinding media
was used. In addition, there are some controversies in terms of the Fe-Ti-O system.
Although some studies argued that Fe2TiO5 was not stable under ambient condition
[61,153], a study reported its appearance in the Fe-substituted hollandite-forming system
[21]. Nevertheless, a slight number of Fe2TiO5 does not cause a serious problem for the
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suitability of Fe-substituted hollandite as Cs cations do not partition into this phase.
Therefore, it will not be considered in the following thermodynamic analysis.
Enthalpies of reaction (ΔHrxn) for the hollandite samples HF0-HF0.67 are reported
in Table 4.4. The methodology to calculate the values of ΔHrxn has been detailly described
in the prior section of the Ga-substituted hollandite system [25,42,44,61]. As shown in
Figure 4.4, the two tetragonal hollandite samples HF0.2 and HF0.67 are energetically
stable at room temperature with respect to the perovskite-type BaTiO3, Cs2O, α-Fe2O3, and
TiO2 because of their endothermic values of ΔHrxn. In contrast, the monoclinic Ba endmember HF0 is prone to decompose to the perovskite-structured BaTiO3, α-Fe2O3, and
TiO2 as its value of ΔHrxn is exothermic [61]. In addition, the phase stability of the
monoclinic hollandite HF0.1 with low Cs content may be comparable to the phase
assemblage containing the BaTiO3 (perovskite), Cs2O, α-Fe2O3, and TiO2, because its
ΔHrxn value is very close to zero [61]. These phase analyses provide more convincing
evidence to support the trend that higher Cs content stabilizes the hollandite phase
concluded from the viewpoint of formation enthalpy.
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Figure 4.4 The trend of values of ΔHrxn for the samples HF0-HF0.67 as a function
of Cs contents.

4.3.3 Al-substituted hollandite
The values of ΔHds for the hollandite samples HA0-HA1.0 and α-Al2O3 (Inframat
Advanced

Materials,

99.995%)

measured

in

the

molten

sodium

molybdate

(3Na2O·4MoO3) solvent at 702 °C are given in Table 4.9 and Table 4.10, respectively. The
values of ΔHds and ΔHf,el for the constituent oxides of the Al-substituted hollandite samples
are given in Table 4.10 [88,140,141,143]. Therefore, the values of ΔHf,ox and ΔHf,el of all
samples can be calculated and listed in Table 4.9 via the same methodology used for the
Ga- and Fe-substituted hollandite systems. Analyzed compositions of the major hollandite
phases and the minor secondary phases in Table 4.11 were used to refine the values of
ΔHf,ox. It is notable that as-synthesized samples were ground well by agate mortar and
pestle to obtain fine and homogeneous sample powders and subsequently to acquire more
reliable drop solution enthalpies. The well-ground powders were not further sieved, so they
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were consisting of different-sized micron-scale particles. Based on the previous studies
[154,155], however, the effect of surface area and particle size on the formation enthalpy
is insignificant unless the particle size of the measured oxides is smaller than 100 nm.
Therefore, the effect arising from different particle-sizes in the measured samples is
negligible comparing to the relatively large experiment errors.

Table 4.9 Enthalpies of drop solution (ΔHds) in 3Na2O·4MoO3 solvent at 702 °C and
enthalpies of formation from constituent oxides (ΔHf,ox) and from the elements (ΔHf,el) of
the Al-substituted hollandite samples at 25 °C. Uncertainty is two standard deviations of
the mean and the value in parentheses is the number of experiments*.

*

Sample

ΔHds (kJ/mol)

ΔHf,ox (kJ/mol)

ΔHf,el (kJ/mol)

ΔHrxn (kJ/mol)

HA0

364.1 ± 3.6 (9)

−199.1 ± 8.0

−8196.9 ± 9.8

−33.4 ± 12.9

HA0.16

394.2 ± 8.2 (8)

−200.6 ± 10.4

−8149.7 ± 11.7

10.2 ± 13.6

HA0.33

420.0 ± 7.5 (8)

−207.4 ± 9.5

−8117.1 ± 10.8

52.1 ± 10.5

HA0.67

444.3 ± 13.7 (8)

−233.2 ± 14.5

−8047.9 ± 15.4

131.1 ± 10.5

HA1.0

452.6 ± 10.2 (9)

−237.9 ± 10.8

−7958.9 ± 12.0

186.1 ± 5.4

Table 4.9 is referred from the previous study by Zhao et al. [50].
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Table 4.10 Enthalpies of drop solution in 3Na2O·4MoO3 solvent at 702 °C (ΔHds) and
enthalpies of formation from the elements (ΔHf,el) at 25 °C of the binary constituent oxides
of the Al-substituted hollandite samples. Uncertainty is two standard deviations of the
mean; the values in brackets are the reference numbers*.

*

Oxide

ΔHds (kJ/mol)

ΔHf,el (kJ/mol)

BaO

−184.61 ± 3.21 [140]

−548.1 ± 2.1 [143]

Cs2O

−348.9 ± 1.7 [141]

−346.0 ± 1.2 [143]

α-Al2O3

96.6 ± 4.1 (6)*

−1675.7 ± 1.3 [143]

TiO2

60.81 ± 0.11 [88]

−944.0 ± 0.8 [143]

The value in the parenthesis of the ΔHds value for α-Al2O3 is the number of drops [50].

Table 4.11 Target and analyzed compositions of the Al-substituted hollandite samples*.
Sample

Target composition

Analyzed composition

HA0

Ba1.33Al2.66Ti5.34O16

Ba1.53Al2.54Ti5.34O16

HA0.16

Ba1.167Cs0.163Al2.50Ti5.50O16 Ba1.25Cs0.16Al2.44Ti5.50O16

TiO2

Al2O3

(wt.%)

(wt.%)

-

5

8

-

HA0.33

Ba1Cs0.33Al2.33Ti5.67O16

Ba1.02Cs0.32Al2.32Ti5.67O16

6

-

HA0.67

Ba0.667Cs0.667Al2Ti6O16

Ba0.67Cs0.72Al1.98Ti6O16

5

-

HA1.0

Ba0.33Cs1Al1.67Ti6.33O16

Ba0.34Cs1.07Al1.64Ti6.63O16

7

-

*

The compositions were normalized to targeted Ti content, while the oxygen content was

accordingly corrected to achieve charge neutrality. “-” represents that the corresponding
phase was not detected in the samples [50].
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As shown in Figure 4.5, the values of ΔHf,ox for all samples are exothermic
indicating that they are thermodynamically stable relative to their binary constituent
oxides. These values of ΔHf,ox measured in this work are close to the ΔHf,ox values of Alsubstituted hollandite in the previous studies [25,61]. Moreover, the ΔHf,ox value becomes
more exothermic (negative) and thus more enthalpically stable as the Cs content is
increased, which agrees generally with the calculated results based on DFT and sublattice
modeling [50,128]. In addition, the small entropic changes below 700 °C ensure that the
Gibbs free energy is majorly controlled by the enthalpic term, so the high Cs-containing
samples is also more energetically stable [47,61]. The improved energetic stability with
higher Cs substitution could be explained as follows. Firstly, increased Cs content might
decrease the distortion in the (Al/Ti,O)6 octahedral framework to retain the maximum
symmetry of the hollandite structure [41,128]. Moreover, the amount of Al substitution on
the B-sites is reduced with increased Cs substitution to maintain charge neutrality. The
synergistic effect of increased Cs substitution and reduction of Al substitution enhances
the capacity for disorder in the (Al/Ti,O)6 octahedral framework and subsequently
stabilizes the hollandite structure [44]. In addition, the strongly basic character of Cs2O
also makes hollandite formation exothermic with relatively acidic oxides [44].
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Figure 4.5 Experimentally [25,50,61] and computationally [50,128] derived values of
ΔHf,ox for the Al-substituted hollandite samples as a function of Cs contents.

Enthalpies of formation could be affected by a variety of factors which will be
discussed as follows:
(a) The ratio of RB/RA
The average ionic radius for A-site (RA), B-site (RB) and RB/RA was calculated and
listed in Table 3.12 by using the effective ionic radii reported by Shannon [133]: Ba2+ =
1.42 Å and Cs+ = 1.74 Å in eightfold coordination, while Al3+ = 0.535 Å and Ti4+ = 0.605
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Å in sixfold coordination. Figure 4.6 (a) displays that the enthalpy of formation ΔHf,ox
increases as increased RB/RA agreeing well with previous studies. [41,45,61]

Table 4.12 Average ionic radius of cations on A-site (RA) and B-site (RB), RB/RA, tH, and
ΛH for the samples HA0-HA1.0*.

*

Sample

RA (Å)

RB (Å)

RB/RA

tH

ΛH

HA0

1.420

0.582

0.41

1.008

0.754

HA0.16

1.459

0.583

0.40

1.026

0.756

HA0.33

1.499

0.585

0.39

1.044

0.758

HA0.67

1.580

0.588

0.37

1.080

0.763

HA1.0

1.661

0.590

0.36

1.115

0.771

Table 4.12 is referred from the previous study by Zhao et al. [50].

(b) Tolerance factor
The tolerance factors of the samples HA0-HA1.0 are reported in Table 4.12 by
using Equation 4.5 [149] in prior section of the Fe-substituted hollandite system. Generally,
the formation enthalpies ΔHf,ox of Al-substituted hollandite increases with the increase of
tH, which agrees with the results of Fe-substituted hollandite by Zhao et al. [45].
(c) Optical basicity
Thermodynamic stability such as enthalpy of formation can be affected by optical
basicity as well [45,61,150,151]. The values of optical basicity for Al-substituted hollandite
samples (ΛH) can be calculated by using Equation 4.6 given in the prior section. The values
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of Λth for the cations have been reported by Leboutiller and Courtine [151]: Ba2+ = 1.25
and Cs+ = 1.70 in eightfold coordination, while Al3+ = 0.60 and Ti4+ = 0.75 in sixfold
coordination. The calculated values of ΛH values are given in Table 3.12 As expected in
Figure 4.6 (c), the formation enthalpy ΔHf,ox is increased with increased ΛH.

Figure 4.6 Variations of ΔHf,ox and (a) RB/RA, (b) tH, (c) ΛH for the Al-substituted
hollandite samples as a function of Cs contents.

70

The significantly exothermic enthalpies of formation for the samples HA0-HA1.0
indicate that they are very stable with respect to their binary constituent oxides. However,
in waste form applications, the hollandite phase is typically designed as one component of
a multiphase system. In order to assess the suitability of Al-substituted hollandite as a
nuclear waste form, the phase stability must also be considered with respect to other
potential phase assemblages such as ternary oxides [25,61]. For instance, a phase
assemblage containing perovskite-type BaTiO3 might be formed in a hollandite-forming
system. The relative stability between the hollandite and perovskite phases can be directly
compared from the perspective of thermodynamics (e.g., enthalpy of reaction) by
conceiving a chemical reaction [25,42,44,45,61]. The methodology to calculate the values
of ΔHrxn has been described in the prior section of the Ga-, and Fe-substituted hollandite
systems [44,45]. Thus, ΔHrxn values of HA0-HA1.0 were calculated and given in Table
4.9. Al2TiO5 was not considered as a potential competing phase due to its poor stability at
ambient conditions [25]. Moreover, the formation of Ba-Al-O, Cs-Ti-O, Cs-Al-O, and CsAl-Ti-O systems are possible, but none of them have not been reported yet in Synroc
systems at ambient atmosphere. In addition, the enthalpies of formation are not available
for many of these phases [25]. Therefore, they were not considered.
Figure 4.7 shows that the samples HA0.16-HA1.0 are energetically stable at room
temperature with respect to the competing phase assemblage due to the endothermic ΔHrxn.
However, the Ba end-member HA0 is prone to decompose because of the exothermic
ΔHrxn. These assessments further support the trend that more Cs substitution stabilizes the
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hollandite structure, which has been observed in the Ga-, Zn- and Fe-substituted hollandite
systems [42,44,45].

Figure 4.7 Variations of ΔHrxn for the Al-substituted hollandite samples as a
function of Cs contents.

4.4 Summary
 As Cs content is increased, the enthalpy of formation for Ga-, Al-, and Fesubstituted hollandite becomes more exothermic indicating that they are more
thermodynamically stable with respect to their constituent oxides.
 Various factors including symmetry, RB/RA, tolerance factor, and optical basicity,
could impact enthalpy of formation.
 As Cs content is increased, the hollandite structure prefers to remain its own crystal
structure rather than decomposing to other competing phase assemblages.
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CHAPTER FIVE
LEACHING
5.1 Introduction
Chemical durability, or elemental release, is one of the most critical criteria to
evaluate the performance of nuclear waste forms. Specifically, an ideal hollandite waste
form will exhibit minimal elemental release (i.e., Cs and Ba) during aqueous leaching tests.
Elemental release of a hollandite compound could be measured from crushed following the
standard of ASTM C1285-14 product consistency test (PCT), which provides leaching data
within a relatively short time period (i.e., seven days) [93,95]. The impact of various
factors, including irradiation [98,99], pH values in the leachate [49,97], and geometric
effects [49], has been widely investigated. To date, however, there are limited studies in
terms of the link between chemical durability and thermodynamic stability [42,44,45,50].
In Chapter 5, the elemental release of tunnel cations in hollandite waste forms was
determined, and more importantly the correlation between their leaching behavior and
thermodynamic stability was established.
5.2 Experimental procedure
5.2.1 Sample synthesis
(a) Non-radioactive hollandite
The synthesis of the Ga-, Fe-, and Al-substituted hollandite samples have been
detailly described in Chapter 3.
(b) Radioactive 137Cs-substituted hollandite
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The synthesis of radioactive

137

Cs-substituted hollandite was completed via a

solution combustion synthesis at Savannah River National Laboratory (SRNL). More
experimental details can be found by Zhao et al. [50].

Caution!

137Cs

is a high-risk for human health due to the high-energy gamma

emission. Any 137Cs related experiments must be properly conducted at a licensed facility.

5.2.2 Aqueous leaching tests
Leaching tests following the standard of ASTM C1285-14 PCT (Method-B) were
performed at SRNL to assess the aqueous chemical durability of hollandite-type materials
[93]. Sintered hollandite sample pellets were crushed, sieved (i.e., sieve fraction:
−100/+200 or −200/+270), washed with water and alcohol, and then dried. A 10 mL/g ratio
of deionized (DI) water volume to sample mass (Vwater/msolid) is used for the leaching tests.
For example, one-gram of powdered sample is tested in 10 mL of DI water contained in a
stainless-steel (SS) vessel. The SS vessel was closed, sealed, and placed in an oven at 90 ±
2 °C for seven days. A reference material experiment and two blank tests were run in
parallel with the measured hollandite samples. Once cooled, post-leaching solutions were
analyzed by mass spectrometry. More experimental details could be found elsewhere
[42,44,45,50,93,156]. Three replicate experiments with the mass of at least one gram were
measured for each composition to obtain reliable leaching data. It is notable that the effect
of SA/V ratio on the leaching rate of Cs is less significant [49]. In addition, the Cs release
is apparently independent of the pH value when the pH is larger than 1 [49].
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5.2.3 Elution of radioactive 137Cs-substituted hollandite
Three hollandite samples HA0.67, HA0.67*, and HA1.0 were performed elution
tests. HA0.67 and HA0.67* had identical composition but were synthesized from the 137Cs
with different activities. An aqueous leaching study was conducted on each sample to
measure the Cs release of the 137Cs-substituted hollandite. As-synthesized hollandite was
loaded into a 2 mL bed volume BIO-RAD Poly-Prep chromatography column mounted on
a twelve-position vacuum box (Eichrom Technologies). Each sample was washed by DI
water with varying volume from 5 to 50 mL. Totally, each sample was washed between 10
and 20 times. The activity of 137Cs in the elute of each sample was measured after every
wash. Experimental details can be found in our recent publications [50].
5.3 Results and discussion
5.3.1 Ga-substituted hollandite
Detailed leaching data of each hollandite sample replicate are reported in Table 5.1.
The trends of the average fractional release of Cs and Ga as a function of Cs content are
shown in Figure 5.1. In general, the average fractional Cs release (FRCs) is much lower in
the higher Cs-containing hollandite samples (i.e., HG0.67 and HG1.33) compared to that
in the lower Cs-containing analogue (i.e., HG0.29). Meanwhile, the average fractional Ga
release (FRGa) for the Cs-containing samples is lower by an order of magnitude as
compared to the FRCs except for the Ba end-member which has significantly increased Ga
release. The much higher durability of Ga substitution in the octahedra framework probably
indicate that the degradation of the hollandite waste forms would be initiated by the loss of
Cs ions in the tunnels other than the destruction of the framework. Moreover, a Cs content-
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dependent releasing trend has been found that is the fractional release of Cs and Ga
decreases with increased Cs content. The improved Cs leaching resistance might be
attributed to the enhanced thermodynamic stability [44], which has been demonstrated in
Chapter 4.
However, it worth noting that the Cs end member (i.e., HG1.33) possessing the
optimum thermodynamic stability does not exhibit the minimum Cs release. Instead, the
second most stable composition HG0.67 has the best Cs leaching resistance slightly better
than that of the more stable counterpart HG1.33. The difference of Cs release between the
two samples should not be resulted from experimental uncertainty as it is very small. In
fact, the slight mismatch between the Cs durability and thermodynamic stability reveals
that their correlation is a more complicated relationship instead of a simple linear trend.
Possibly, the Cs release might drop drastically when the Cs content is first increased from
a relatively low level (e.g., HG0.29) but a plateau of Cs release would be gradually
achieved once the Cs concentration is higher than a certain threshold value. Although some
arguments have been made that the Cs leaching is not significantly impacted by surface
area and pH values [49,120], such a small release difference between HG0.67 and HG1.33
could be induced by these indecisive factors. Nevertheless, it still cannot exclude the
possibility that a small number of Ba ions coexisting with Cs ions in the tunnels might help
decrease Cs release as similar cases have been reported in other hollandite systems
[45,50,99,120]. In summary, there is not a convincible explanation to resolve this
abnormality at the current stage.
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Table 5.1 Leaching data for the Ga-substituted hollandite samples§ [44].
Sample

HG0

HG0.29

HG0.67

HG1.33

§

M

V

CCs

(g)

(ml)

(g/L)

−100/+200

1.0

10

0

0

2

−100/+200

1.0

10

0

3

−200/+270

1.5

15

1

−100/+200

1.0

2

−200/+270

3

R

SF

1

fCs

CGa

fGa

pH

FRCs

FRGa

0.0356

0.2183

7.08

0

0.0016

0

0.0363

0.2183

7.13

0

0.0017

0

0

0.0415

0.2183

7.26

0

0.0019

10

0.0288

0.0266

0.0068

0.1952

8.40

0.0108

0.0003

1.5

15

0.1038

0.0266

0.0093

0.1952

8.15

0.0390

0.0005

−200/+270

1.5

15

0.0968

0.0266

0.0090

0.1952

7.90

0.0364

0.0005

1

−100/+200

1.5

15

0.0318

0.0850

0.0029

0.1709

8.72

0.0037

0.0002

2

−200/+270

1.5

15

0.0576

0.0850

0.0067

0.1709

8.32

0.0068

0.0004

3

−200/+270

1.5

15

0.0598

0.0850

0.0068

0.1709

8.30

0.0070

0.0004

1

−100/+200

1.5

15

0.0974

0.1937

0.0043

0.1213

8.03

0.0050

0.0004

2

−200/+270

1.5

15

0.1942

0.1937

0.0067

0.1213

7.66

0.0100

0.0006

3

−200/+270

1.5

15

0.1948

0.1937

0.0066

0.1213

7.76

0.0101

0.0005

(g/L)

The PCT methodology (i.e., Method B) does not assure direct comparison to other

samples unless identical test protocols (e.g., sample surface area, particle morphology,
water volume, etc.) are maintained and if the dissolution mechanisms are similar [93].
R: Replicate, SF: Sieve fraction, M: Sample mass, V: Water volume
CCs: Concentration of Cs, fCs: Fraction of Cs in the pre-leaching samples, FRCs: Fractional
Cs release
CGa: Concentration of Ga, fGa: Fraction of Ga in the pre-leaching samples, FRGa: Fractional
Ga release
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Figure 5.1 Average fractional Cs and Ga release as a function of Cs contents for
the Ga-substituted hollandite samples.

5.3.2 Fe-substituted hollandite
Chemical durability of Fe-substituted hollandite was evaluated by measuring
elemental release of tunnel cations in the aqueous leaching tests. Detailed experimental
results of the sample suite were summarized in Table 5.2. Normalized elemental release
(NLi) were reported for this Fe-substituted hollandite system because accurate surface area
was obtained by BET measurements. The trends of normalized Cs release (NLCs) and Ba
release (NLBa) as a function of Cs content were shown in Figure 5.2. Three replicate
measurements were performed for each composition exhibiting very consistent leaching
data. In general, the values of NLCs are greatly decreased for the compositions with
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relatively high Cs content, such as HF0.67 and HF1.33. In contrast, HF0.2 with lower Cs
concentration exhibits evident increase in NLCs. Comparing the values of NLCs and NLBa
in Figure 5.2 (a) and (b), the Ba leaching is much less significant in any hollandite samples.
This indicates that Ba cations have better resistance against chemical attack coming from
the surrounding solution. Moreover, the samples HF0.67 and HF1.33 still exhibit better Ba
leaching resistance than their lower Cs-containing analogue HF0.2. In fact, the origin of
the improved chemical durability of the tunnel cations (i.e., Cs and Ba) as a function of Cs
content might be explained from the perspective of thermodynamics. As discussed in
Chapter 4, the hollandite sample with higher Cs concentration is more energetically stable
and subsequently have better capacity to constrain the Cs and Ba ions to stay in the tunnels.
However, the anomaly between the Cs leaching and thermodynamic stability
observed in Ga-substituted hollandite system [44] happens again in this Fe-substituted
hollandite system- the most energetically stable composition HF1.33 does not exhibit the
least Cs release. Thus, it is convincing to exclude the possibility of experiment errors
resulting in the threshold behavior of Cs leaching seen in the hollandite waste forms. It is
also reasonable to claim that the anomaly is not majorly caused by the geometric effect as
the Cs release has been normalized from measured surface area in this system. Moreover,
the origin of anomaly is also less likely resulted from the different pH values because they
only vary in a narrow range from 8.55 to 10.80 [49,120]. Therefore, it is plausible that the
energetic stability is not the sole factor to determine the real Cs leaching behavior.
More in-depth studies are still needed in order to understand the complex
mechanism of Cs release in hollandite waste forms. For example, more leaching tests
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should be performed on the hollandite samples whose Cs content are between HF0.67 and
HF1.33. As a result, a more conclusive Cs release trend as a function of Cs content will be
provided.

Table 5.2 Leaching data for the Fe-substituted hollandite samples*.

Sample

HF0

HF0.2

HF0.67

HF1.33

*

Specific

NLCs

NLBa

(g/m2)

(g/m2)

9.00

0

2.15E−04

0.2298

9.27

0

2.11E−04

5.20E−03

0.2298

8.55

0

2.27E−04

0.0369

6.52E−05

0.1833

9.74

0.0162

1.17E−05

0.0179

0.0369

5.89E−05

0.1833

9.73

0.0160

1.06E−05

0.3036

0.0181

0.0369

6.09E−05

0.1833

9.76

0.0162

1.10E−05

15.0

0.6469

0.0329

0.0956

<1.67E−05*

0.1095

9.41

0.0053

<2.36E−06*

1.50

15.0

0.6469

0.0326

0.0956

<1.67E−05*

0.1095

9.44

0.0053

<2.36E−06*

3

1.50

15.0

0.6469

0.0324

0.0956

<1.67E−05*

0.1095

9.74

0.0052

<2.37E−06*

1

1.50

15.0

0.6057

0.1130

0.2015

0

0

10.48

0.0093

0

2

1.50

15.0

0.6057

0.1130

0.2015

0

0

10.72

0.0092

0

3

1.00

10.0

0.6057

0.1140

0.2015

0

0

10.80

0.0094

0

M

V

(g)

(mL)

1

1.50

15.0

0.098

0

0

2

1.50

15.0

0.098

0

3

1.00

10.0

0.098

1

1.51

15.1

2

1.51

3

R

SA

CCs

CBa

fBa

pH

4.93E−03

0.2298

0

4.83E−03

0

0

0.3036

0.0181

15.1

0.3036

1.51

15.1

1

1.50

2

(m2/g)

(g/L)

fCs

(g/L)

Table 5.2 is referred from the previous study by Zhao et al. [45].

R: Replicate, M: Sample mass, V: Water volume, SA: Surface area
CCs: Concentration of Cs, fCs: Fraction of Cs in the pre-leaching samples, NLCs: Normalized
Cs release
CBa: Concentration of Ba, fBa: Fraction of Ba in the pre-leaching samples, NLBa:
Normalized Ba release
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Note: CBa and NLBa denoted as “*” in Table 5.2 roughly showed their order of magnitude
because their actual values were even smaller and lower than the detection limit of ICPAES.
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Figure 5.2 (a) Normalized Cs release (NLCs) of three sample replicates for each Fesubstituted hollandite composition and their average values of NLCs. (b) NLBa of three
sample replicates for each composition and their average values of NLBa. (Note: NLBa and
average NLBa labelled by “*” in Figure 5.2 (b) roughly showed the order of magnitude of
Ba release as the actual data was even lower beyond the detection limit of ICP-AES.)

5.3.3 Al-substituted hollandite
(a) Aqueous leaching tests
Cs leaching resistance in the Al-substituted hollandite system was estimated from
the results of PCTs (Method-B). The trend that the value of fractional Cs release (FRCs)
versus Cs content in various samples is shown in Figure 5.3. The Cs leaching data was not
normalized in this work because the difference in sample surface area is expected to be less
than one order of magnitude difference across the entire compositional range, which was
confirmed in the BET measurements conducted on the similar Fe-substituted hollandite
system in previous section [45]. Moreover, the leaching analysis based on the normalized
Cs release in Fe-substituted hollandite [45] suggested that different surface areas would
not alter the Cs leaching rate much agreeing to prior studies [49,120]. Therefore, the values
of FRCs still can provide qualitative assessment for the Cs leaching behavior even without
normalization.
As shown in Figure 5.3, the value of FRCs of HA0.33 is five times smaller compared
to that of HA0.67. Meanwhile, the value of FRCs of HA1.0 is even smaller than that of
HA0.67. In general, this evidence reproduces the trend illustrated in the Ga-, Zn- and Fe-
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substituted hollandite systems [42,44,45,120]. The profound decrease of Cs release in
higher Cs-containing Al-substituted hollandite is benefited from higher energetic stability
in itself. Moreover, the microstructural comparison between the pre-leaching and postleaching samples reported by Zhao et al. [50] also revealed that the hollandite composition
with higher Cs content exhibited better structural stability.

Figure 5.3 Values of fractional Cs release (FRCs) for the Al-substituted hollandite
samples as a function of Cs contents.

(b) Elution studies of 137Cs-subsituted hollandite
Two hollandite compositions HA0.67 and HA1.0 with radioactive

137

Cs were

selected to conduct elution studies because of their exceptional energetic stability and Cs
leaching resistance. Figure 5.4 (a) displays a trend of the measured

137

Cs activity as a

function of different wash volume in the three samples HA0.67, HA0.67*, and HA1.0.
HA0.67 and HA0.67* have the same composition but were synthesized from the 137Cs with
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different activities. Specifically, 0.4 µCi of

137

Cs was used for HA0.67 while 18 µCi of

137

Cs was used for HA0.67*. HA1.0 was prepared from 0.2 µCi of

137

137

Cs activity decayed with successive wash following a power-law relationship, which

Cs. The measured

was observed in all three samples. Such a decay behavior indicated the occurrence of
chemical desorption processes. Although some increased activities were recorded in select
eluate which was not washed continuously due to interruption, none of those values
returned to the initial level. More than half of the total

137

Cs was eluted only by 5 mL in

the first wash set. Furthermore, only 30 and 15 mL will be enough to elute ~ 90% of the
total 137Cs for HA0.67 and HA1.0.
To study the effect of radioactive 137Cs concentration on the Cs leaching behavior,
the percentages of 137Cs loss of the three samples (i.e., HA0.67, HA0.67*, and HA1.0) in
the first two wash were reported in Table 5.3 and Figure 5.4 (b). As shown in Figure 5.4
(b), the cumulative loss of

137

Cs in HA1.0 reached a plateau after approximately 30 mL

wash and the overall loss is only about 5%. For HA0.67 and HA0.67*, an equilibrium of
137

Cs loss was also achieved after ~100 mL for each sample, although the correspondingly

ultimate loss (i.e., ca. 40% and 20% for HA0.67 and HA0.67*, respectively) is much higher
compared to the higher Cs-containing analogue HA1.0. Therefore, the trend observed in
the previous PCTs of hollandite samples- higher Cs content will improve Cs release-was
also confirmed in the elution studies of radioactive 137Cs-substituied counterparts.
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Figure 5.4 (a) The plot of 137Cs activity measured in the eluate for the three Al-substituted
hollandite samples versus cumulative wash volume; (b) Cumulative loss percentages of
137

Cs for the three Al-substituted hollandite samples.

Table 5.3 The loss of 137Cs activity in the first and second washes for the three measured
Al-substituted hollandite samples*.
137

137

Cs Activity (2nd wash)

In first eluate

Percentage

In second eluate

Percentage

(dpm/mL)

of 137Cs loss

(dpm/mL)

of 137Cs loss

HA0.67*

5.41 × 105

6.7%

2.26 × 105

2.8%

HA0.67

1.13 × 104

13%

3.41 × 103

3.8%

HA1.0

3.97 × 103

2.2%

1.44 × 103

0.8%

Sample

*

Cs Activity (1st wash)

Table 5.3 is referred from the previous study by Zhao et al. [50].
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5.4 Summary
 The elemental release of the B-site dopants (e.g., Ga) is significantly smaller than
that of tunnel Cs ions indicating that the degradation of the hollandite waste forms
would be induced by the loss of Cs ions in the tunnels other than the destruction of
the framework.
 Both Ba and Cs ions are in the tunnels, but the Ba release is much smaller revealing
that its better resistance against chemical attack from the surrounding solution.
 In general, Cs release is profoundly improved for the higher Cs-containing
hollandite samples which is attributed to better energetic stability.
 The slight compositional mismatch regarding the Cs leaching resistance and
thermodynamic stability suggests that their correlation is a more complicated
relationship instead of a simple linear trend.
 The results of elution studies of radioactive

137

Cs-substituted hollandite samples

further support the argument that higher Cs content decreases Cs release
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CHAPTER SIX
RADIATION DAMAGE AND THERMAL RECOVERY
6.1 Introduction
Radiation stability is one of the most important properties for nuclear waste form
materials. As a waste form it has to bear various radiation from surrounding radionuclides.
The radiation stability of hollandite-type waste forms has been tested under different
extreme radiation conditions [54,55,58,98,99,102]. According to the prior studies,
hollandite waste forms exhibited excellent radiation resistance against electron [55] and
gamma irradiation [98]. Recently, their radiation response under the simulated alpha-decay
environment was investigated via Kr ion irradiation in the MeV range [58,99]. However,
this ion irradiation could only induce insignificant and inhomogeneous damage on the
sample surface. In this work, the use of high-energy ion beam in the GeV range produced
sufficient quantity of homogenously damaged samples to initiate bulk calorimetric
measurements [60,105]. Moreover, the analysis of the structural changes at different
length-scales was conducted as well. Therefore, the combination of the structural and
thermodynamic analysis was able to systematically explain the mechanisms of radiation
damage and thermal recovery for the hollandite compositions with different B-site dopants.
6.2 Experimental procedure
6.2.1 Sample synthesis
Three hollandite Cs end-members Cs1.33Ga1.33Ti6.67O16, Cs1.33Fe1.33Ti6.67O16, and
Cs1.33Zn0.67Ti7.33O16 were denoted as HG1.33, HF1.33, and HZ1.33, respectively. They
were synthesized via solid-state reactions and detailed sample synthesis can be found in
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the previous studies [42,44,45]. Obtained hollandite samples were further damaged by
swift ion irradiation. Later on, the post-irradiation samples were conducted thermal
annealing. Thus, three structural states had been created and defined from here on as
follows: (1) The as-synthesized samples were labelled as “pristine”, (2) the samples
exposed to swift ion irradiation were labelled as “irradiated”, and (3) the irradiated samples
processed by thermal annealing were labelled as “annealed”.
6.2.2 High-energy gold ion irradiation
Pristine samples were irradiated by 1.1 GeV gold (Au) ions at room temperature to
a fluence of 5 × 1012 ions/cm2 using the X0 branch of the UNILAC accelerator of the GSI
Helmholtz Center for Heavy Ion Research in Darmstadt, Germany [60]. Additional details
related to this experimental procedures have been described in Chapter 2 [103–105,124].
6.2.3 Characterization
Powder X-ray diffraction (XRD) and Raman spectroscopy were performed on the
samples with different structural states. The XRD spectra was collected from 10 to 70° 2θ
with a 0.02° step size on a Rigaku Ultima IV diffractometer with monochromatic Cu Kα
radiation (λ = 1.54 Å). The intensity of the XRD peaks for each sample was normalized
with respect to the peak with the highest intensity. Raman spectroscopy was conducted on
a Horiba LabRAM HR Evolution Raman microscope and 532 nm laser with 5 mW output
power was selected.
6.2.4 Calorimetry
The difference of enthalpies of drop solution between pristine and irradiated
samples directly gives the enthalpy of damage at room temperature, which was determined
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by high-temperature oxide melt solution calorimetry. Differential scanning calorimetry
(DSC) was performed on a NETZSCH STA 449 F3 Jupiter instrument to observe potential
thermal reactions during the annealing process. More experimental procedures and details
have been described in Chapter 2 and the paper we published recently [60].
6.3 Results and discussion
6.3.1 Radiation-damage formation
Figure 6.1 shows the XRD spectra of pristine and irradiated HG1.33, HF1.33, and
HZ1.33. All three pristine samples exhibit well-crystallized tetragonal hollandite structures
(space group: I4/m) regardless of the B-sites substitution identity. Negligible Bragg peak
shifting of the (310) diffraction peak has been observed indicating that the unit cell was not
affected much by B-site substitutions. After irradiation, the diffuse scattering is observed
in the 2θ range of 20-35° in all three irradiated samples indicative of occurrence of
crystalline-to-amorphization. Moreover, the degree of amorphization was distinct for the
sample with different B-site substitutions. For instance, a small amount of crystallinity was
present in the irradiated HF1.33 and HG1.33 according to the remnant diffraction maxima
and relatively weak diffusive scattering. In contrast, almost all crystallinity might be lost
for the irradiated HZ1.33 because there was not any Bragg peak, but a wide amorphous
hump was found in the XRD spectrum. It is worth noting that the noise signal is very large
although the amorphous humps show up. The poor quality of the XRD data might be
attributed to the shallow penetration (e.g., a few microns beneath the sample surface) of
the traditional laboratory-based diffractometer using Cu Kα radiation (λ = 1.54 Å), so the
interior structure cannot be probed [157]. In addition, the status of the instrument when the
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measurements were performed may also profoundly impact the data quality. An XRD with
higher energy, such as synchrotron XRD, would be more powerful to resolve the
amorphous phases. Nevertheless, the amorphization of the three samples was clearer in the
results of neutron total scattering reported by Zhao et al. [60].

Figure 6.1 The XRD spectra of (a) HG1.33, (b) HF1.33, and (c) HZ1.33 hollandite
samples before (pristine) and after (irradiated) swift heavy ion irradiation.

Figure 6.2 displays the Raman bands of pristine and irradiated HZ1.33 hollandite
samples. The assignment of vibration modes is summarized in Table 6.1. For pristine
HZ1.33, five relatively strong peaks are observed at ~110, ~328, ~475, ~618, and ~683 cm1

, while a broad shoulder hump is located between 200 and 290 cm-1. The peaks at ~110

and ~475 cm-1 may be attributed to the symmetric stretching modes of BO6 octahedra
framework, whereas the peaks at ~328, ~618, and ~683 cm-1 along with the broad hump
between 200 and 290 cm-1 may result from the bending modes of BO6 octahedra
[45,119,134–139]. In contrast, two bands at ~618 and ~683 cm-1 in the Raman spectrum of
pristine HZ1.33 merge into a very broad hump between ~510 and ~750 cm-1 as shown in
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the pattern of irradiated HZ1.33 (Figure 6.2 (b)), although the band shape and band position
was maintained for the rest of the vibration modes. In addition, the hump between ~400
and ~510 cm-1 in irradiated HZ1.33 was widened by merging the weak hump at 550 cm-1
in pristine HZ1.33. The combination of several bands observed in the Raman spectra of the
irradiated sample indicates that the local bonding environment related to the BO6 octahedra
framework was altered by high energy heavy ion irradiation.

Figure 6.2 The Raman bands of (a) pristine HZ1.33 and (b) irradiated HZ1.33 samples.
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Table 6.1 Wavenumbers of observed Raman bands and assignment of vibration modes for
pristine and irradiated HZ1.33 hollandite samples*.
Wavenumber (cm-1)

*

Mode assignment

Pristine sample

Irradiated sample

110

116

Eg

200-290

200-280

Ag, Bg

328

329

Ag

475

462

Eg

618

613

Bg

683

-

Bg

Table 6.1 is referred from the previous study by Zhao et al. [60].

High-temperature oxide melt solution calorimetry was utilized to compare the
energy landscape between different states (i.e., pristine versus damaged). Enthalpies of
drop solution (ΔHds) in pristine and irradiated samples were measured and reported in Table
6.2. It is notable that previously determined quantity of secondary phase TiO2 rutile was
referred in Table 6.3 and used to correct the values of ΔHds in Table 6.2 [60]. The average
enthalpy difference in ΔHds between pristine and irradiated samples is defined as enthalpy
of damage (ΔHdmg). The value of ΔHdmg can be used as a measure of radiation stability for
each composition and smaller value indicates enhanced stability to high energy irradiation
with smaller levels of radiation damage. As shown in Figure 6.3 (a), all three pristine
samples are largely endothermic with values of ΔHds on the order of 450 kJ/mol. However,
the values of ΔHds for their corresponding irradiated analogues are significantly decreased
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as a function of B-site substitutions changing from an endothermic to an exothermic
behavior. Specifically, the value of ΔHds for irradiated HG1.33 remains endothermic,
whereas the values of ΔHds for irradiated HF1.33 and HZ1.33 become exothermic.
The large average enthalpies of damage ΔHdmg shown in Figure 6.3 (b) indicate that
high energy ion irradiation greatly destabilized the well-crystallized hollandite samples.
The destabilization was induced through a crystalline-to-amorphous transformation and
subsequently lead to the destruction of the characteristic tunnel structure. Among the three
compositions, the value of ΔHdmg for HZ1.33 is the largest (i.e., 1203.5 ± 117.6 kJ/mol),
while HG1.33 has the smallest ΔHdmg (i.e., 378.0 ± 3.4 kJ/mol). The relatively large errors
of the values of ΔHdmg are due to the limited quantity of irradiated samples available for
calorimetric experiments agreeing with a previous study by Grote et al. [99] in which
HG1.33 exhibited higher radiation resistance against intermediate-energy Kr2+ ion
irradiation (i.e., 400 keV) than HZ1.33.

Figure 6.3 (a) Enthalpies of drop solution (ΔHds) for pristine and irradiated HG1.33,
HF1.33, and HZ1.33, (b) average enthalpies of damage (ΔHdmg) determined by the
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enthalpy difference in ΔHds between pristine and irradiated samples of HG1.33, HF1.33,
and HZ1.33 [60].

Table 6.2 Enthalpies of drop solution (ΔHds) for pristine and irradiated hollandite endmembers in sodium molybdate (3Na2O·4MoO3) solvent at 702 °C [60].
Sample

Mass (mg)

ΔHds (kJ/mol)a

ΔHdmg (kJ/mol)a

Pristine HG1.33

~5

471.2 ± 3.3 (6)

N/A

Irradiated HG1.33_1

3.28

94.3

N/A

Irradiated HG1.33_2

2.31

92.2

N/A

Irradiated HG1.33 (average)

N/Ab

93.3 ± 1.0 (2)

378.0 ± 3.4 (2)

Pristine HF1.33

~5

481.6 ± 7.9 (6)

N/A

Irradiated HF1.33_1

1.55

−225.2

N/A

Irradiated HF1.33_2

1.13

−544.9

N/A

Irradiated HF1.33 (average)

N/A

−385.1 ± 159.8 (2)

866.7 ± 160.0 (2)

Pristine HZ1.33

~5

417.6 ± 6.3 (6)

N/A

Irradiated HZ1.33_1

2.98

−903.5

N/A

Irradiated HZ1.33_2

2.50

−668.5

N/A

Irradiated HZ1.33 (average)

N/A

−786.0 ± 117.5 (2)

1203.5 ± 117.6 (2)

a

Value is the mean of the number of experiments indicated in the parentheses. The

experimental errors are two standard deviations for the mean of ΔHds.
applicable.
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b

N/A is not

Table 6.3 The quantity of the secondary phase TiO2 rutile in the pristine hollandite samples
which was determined by Rietveld refinement results*.

*

Sample

TiO2 rutile (wt.%)

HG1.33

5(1)

HF1.33

2(1)

HZ1.33

12(1)

Table 6.3 is referred from the previous study by Zhao et al. [60].

6.3.2 Thermal annealing induced recovery
Irradiated HG1.33 and HF1.33 were thermal annealed at 1200 °C for 5 min and
subsequently cooled down to room temperature and the whole annealing process was
recorded by a DSC instrument. Two annealing cycles were performed for each
composition. It is worth noting that thermal annealing was not conducted on irradiated
HZ1.33 as there was no remaining samples after drop solution calorimetry. XRD and
Raman spectroscopy were used characterize the structural changes before and after
annealing over different length-scales. In Figure 6.4 (a), XRD results of HF1.33 show that
the diffraction maximum of the (310) plane was strongly reduced in the irradiated sample
in agreement with ion-induced amorphization. Similar behavior was also observed for
HG1.33 [60]. No significant changes occurred in the XRD patterns after thermal annealing
up to 1200 °C suggesting that current treatment was insufficient to restore the structure of
the damaged sample over long-range ordering period. However, the changes of the local
structure of HF1.33 after annealing were different. As shown in the Raman spectra in
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Figure 6.4 (b), annealed and pristine HF1.33 have the same major peaks. Furthermore, the
intensity and width of the most intense two peaks in their spectra at ~120 and 340 cm-1 are
comparable. These local vibrations are attributed to BO6 octahedra framework. A few weak
peaks (labeled as “*” in Figure. 6.4 (b)) emerged in annealed HF1.33 indicated newly
formed local vibrations which might be not related to BO6 octahedral framework. It is
likely that these emerging peaks are resulted from the new local rearrangement between
the B-site cations (e.g., Fe or Ti) which was induced by the reduction of coordination of
these cations to the neighboring oxygen lattice. These emerging peaks also might be
attributed to the formation of oxygen-related defect clusters [56]. Aubin-Chevaldonnet et
al. [56] claimed that thermal annealing may alter the local environment through the
formation of ion-induced defects. The development of the oxygen-related defects may be
resulted from the severely damaged structure and Ar atmosphere. Other possibilities
leading to the newly formed vibrations were also considered including the formation of
constituent binary oxides (e.g., α-Fe2O3 and TiO2 rutile) and the background signal from
the glass substrates [136,158,159]. However, the peaks labeled as “*” in Figure 6.4 (b)
could not be well matched to the characteristic Raman peaks of these potential phase
candidates. In addition, none of these phases was found in post-annealing XRD results as
well. To unveil the origin of these emerging vibrations, a comparison between the samples
annealed in air and vacuum might be helpful.
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Figure 6.4 (a) The XRD spectra and (b) the Raman spectra of pristine, irradiated, and
annealed HF1.33. “∗” represents the vibrations attributed to the newly formed structure in
local environment other than (B,Ti)O6 octahedra framework [60].

Figure 6.5 displays the DSC profiles of irradiated samples HF1.33 and HG1.33. For
both compositions, two exothermic peaks were observed in different temperature regions
indicating two exothermic events occurred. Moreover, these two thermal peaks were
located in the similar temperature regions for both compositions. The first exothermic event
occurred between ~200 °C and ~500 °C, while the second one was lasting between ~500
°C and ~800 °C. It seems that these exothermic events were not resulted from potential
chemical reactions with surrounding because thermal annealing proceeded in an inert Ar
atmosphere. Therefore, the origin of the two peaks in the DSC profiles might be attributed
to annealing-induced structural changes. The two peaks falling in different temperature
regions indicate that the whole structural changes were completed by two steps. The
structure will not be further evolved after the first annealing cycle as no appreciable peaks
were found in the second-round DSC profile.
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Figure 6.5. The DSC profiles of (a) irradiated HF1.33 and (b) irradiated HG1.33
[60].

6.3.3 Discussion
A similar crystalline-to-amorphous transformation over long-range ordering period
was induced by swift ion irradiation for all three hollandite compositions, but the degree
of amorphization was different. Neutron pair distribution function (PDF) analysis by Zhao
et al. [60] also indicated distinguishable local radiation responses of each composition as a
function of B-site substitutions. Figure 6.6 is drawn here as a schematic to qualitatively
illustrate the unique changes of local bonding environment for each composition against
high-energy ion irradiation. More details regarding the bonding information can be found
in the studies by Zhao et al. [60]. For HF1.33, its local structure prioritizes to remain the
cubic coordination of tunnel Cs ions by expensing the symmetry of BO6 octahedra and BB sublattice. On the contrary, the symmetry of B-B sublattice in HZ1.33 was largely
preserved but the cubic coordination of tunnel Cs ions and the symmetry of BO6 octahedra
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were profoundly expensed. However, it is intriguing that HG1.33 maintains the integrity
of tunnel feature to the utmost although the BO6 octahedra was expanded somewhat. In
fact, the origin of different radiation responses might be attributed to the structural feature
in the constituent binary oxide form of respective B-site dopants in the parent hollandite
[60]. For example, Ga2O3, Fe2O3, and ZnO are the binary oxide forms for HG1.33, HF1.33,
and HZ1.33, respectively. Among the three B-site dopants, Ga is the most chemically
suitable to maintain layering schemes at atomic-scale, so this feature leads to an increased
radiation stability, which is supported by the results of solution calorimetry in Figure 6.3.
In addition, the better radiation stability of HG1.33 against intermediate-energy ion
irradiation was found by Grote et al. [99] compared with HZ1.33.

Figure 6.6 Distinct radiation response of each composition in local environment. The
filled circles represent the position of cations in irradiated samples, while the open circles
represent the position of cations in pristine samples.

The energetics results obtained from the DSC experiments in Figure 6.5 provide
more insights associated with annealing-induced structural rearrangement because such a
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rearrangement at atomic-scale has been observed in the post-annealing pyrochlore systems
[105,160–163]. In the case of hollandite systems, a two-step structural change can be used
to explain the thermodynamic results: (1) a rearrangement of the B-site cations in BO6
octahedra at lower temperatures (i.e., ~200-500 °C) and (2) restoration of the coordination
environment of tunnel Cs cations at higher temperatures (i.e., ~500-800 °C). Figure 6.7
displays a simplified structural evolution of an irradiated sample over the short-range
during annealing process [60]. In the first step, the displaced B-site cations would return to
their initial position in BO6 octahedra of the pristine samples. During the process of the
displaced cations moving back, some new local structures could form which might be
related to the interaction between B-site cations and neighboring oxygen. Appearance of
some additional Raman bands in the annealed samples as shown in Figure 6.4 confirmed
those newly formed local structures. In the second step, the tunnel Cs ions started to restore
their polyhedral network because it was more difficult for the less mobile Cs ions to move
at relatively low temperatures compared with B-site cations.
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Figure 6.7 A simplified structural comparison between an irradiated sample and an
annealed sample over short-range. The filled circles represent the position of cations in
the irradiated sample; the open circles represent the position of cations in the pristine
samples; the shadowed circles represent the position of cations in the annealed samples.

Annealing-induced structural recovery of the radiation damaged hollandite
structure is complex and decoupled over different length-scales because apparent structural
changes were observed over short-range instead of over long-range. Despite the intricate
recovery in hollandite structure, similar decoupled and multi-recovery processes were
observed in other nuclear related materials. For some irradiated alloys containing Ni and
Cr, their short-range ordering had been fully recovered by thermal annealing but the longrange ordering was not recovered [164,165]. However, for some irradiated pyrochlore
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systems [105], the recovery of long-range structure was completed earlier than the shortrange structure.
The different recovering behavior between pyrochlore and hollandite structure
could be explained from the perspective of energetics and crystallography. In pyrochlore,
a disordered crystalline pyrochlore could exist at ambient atmosphere as the metastable
state between the most stable state (i.e., fully ordered crystalline pyrochlore) and least
stable state (i.e., amorphous pyrochlore). Thus, the metastable state could become the
intermediate recovering stage and provide a potentially faster pathway for irradiated
pyrochlore to recover from the amorphous state to the disordered state over long-range
[105]. In contrast, it is less likely for hollandite to have a metastable state between the fully
ordered state (i.e., pristine) and amorphous state (i.e., irradiated) because of the complicate
tunnel feature. As a result, a structural recovery over long-range was not detected under
current thermal annealing condition (Figure 6.8).
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Figure 6.8 The schematic diagram to show the energy landscape among different states of
hollandite-type materials [60].

6.4 Summary
 Under high-energy heavy ion irradiation, a similar crystalline-to-amorphous
transformation over long-range was observed for all three hollandite samples with
different B-site dopants (e.g., Ga, Fe, and Zn) but the level of amorphization was
distinguishable.
 Results of Raman spectroscopy indicated that the local structure of hollandite
sample was seriously damaged.
 Radiation stability of the three hollandite samples was evaluated from the
difference of energy landscape before and after irradiation which was determined
by high-temperature oxide melt solution calorimetry.
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 Calorimetric results suggested that Ga-substituted hollandite exhibited the optimum
radiation stability. The radiation stability of Fe-substituted hollandite is
intermediate, while that of Zn-substituted hollandite is the worst.
 The origin of the distinct radiation stability is from the structural feature of the
constituent binary oxide form of the B-site substitution (e.g., Ga2O3, Fe2O3 and
ZnO).
 DSC and structural analysis indicated that the mechanism of structural recovery via
thermal annealing is complex and decoupled at different length-scales.
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CHAPTER SEVEN
ELECTRICAL PROPERTIES

7.1 Introduction
In the environment of disposed nuclear wastes, a significant amount of heat can be
generated during the process of radioactive decay and subsequently drastically elevated the
temperature of waste forms [20,40,53]. For a hollandite-structured waste form, the
increased temperature could extremely enhance the motion of Cs ions in the tunnels which
is largely restricted at ambient temperature by the surrounding oxygen bottle necks [65].
As a result, more Cs ions would be thermally activated and hop along the tunnels. This
might increase the possibility of the reactions between the mobile Cs ions and the water in
the environment and speed up the Cs leaching rate. Therefore, it is vital to minimize the
ionic mobility of the A-site cations in hollandite-type waste forms.
On the contrary, the potential of hollandite-type materials used as fast-ionic
conductors has been investigated as well. Various studies [63,64,114] focusing on
conduction mechanisms and conductivity measurements on different K hollandite systems.
However, the effects of crystal structure (or symmetry) and tunnel cation content (i.e., Asite occupancy) on conductivity has not been studied yet.
In this chapter, the Cs cation conductivity of two Cs hollandite as waste forms (i.e.,
Cs1.33Fe1.33Ti6.67O16 and Cs1.33Ga1.33Ti6.67O16) was discussed at first. Later on, the electrical
property of promising fast-ionic conductors (e.g., K and Na hollandite) was compared with
that of a waste form candidate (e.g., Cs hollandite) in order to establish some correlations
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between the same materials class used in wide range of applications. Moreover, the effects
of crystal structure, B-site dopants, and A-site occupancy on conductivity were investigated
on a variety of K hollandite systems.
7.2 Experimental procedure
7.2.1 Sample synthesis
Various hollandite-type samples were fabricated. Their target compositions, sample
names, and fabrication methods are given in Table 7.1. Except KxMn8O16-δ, almost all
samples were synthesized via a solid-state reaction (SSR) and sintered by conventional
sintering (CS). KxMn8O16-δ was synthesized via a solvent free (SF) method [166] and cold
pressed (CP) into pellets without further sintering.
For the samples synthesized via solid-state reactions, reagent-grade powders of
carbonates (e.g., Na2CO3, K2CO3, and Cs2CO3) and oxides (e.g., MgO and TiO2) were used
as starting materials. Stoichiometric amounts of raw materials were placed in high density
polyethylene (HDPE) bottles. Ethanol with 95% purity and different sized of yttrium
stabilized zirconia (YSZ) grinding media were added into the bottles to mix the powders.
The materials were ball-milled for at least 24 hours to obtain homogenous slurry. The
homogeneously mixed slurry was dried overnight in an oven at 80 °C. As-dried powders
were ground by hands for a few minutes using an agate mortar and pestle. Afterwards, the
ground powders were cold pressed into pellets to minimize potential loss of the volatile
elements (i.e., Na, K, and Cs) during calcination. Heat treatment processes were performed
in box furnaces in air and details were described as follows: (1) sample pellets were heated
up to a temperature above 900 °C (e.g., usually between 900 °C and 1200 °C) for a few
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hours to decompose carbonates; (2) as-calcined pellets were crushed, ground, and wet ball
milled for another 24-36 hours; (3) obtained slurry was dried overnight; (4) as-dried
powders was ground, cold pressed into pellets, and sintered for several hours at a higher
temperature (e.g., usually between 1200 °C and 1300 °C) than calcination temperature. It
is worth noting that KxTi8O16-δ were synthesized in 5% H2/Ar atmosphere.
For KxMn8O16-δ, a solvent-free method was used, and the experimental procedures
were described as follows. A stoichiometric ratio of KMnO4 to Mn(Ac)2∙4H2O (i.e., 2:3)
powders were mixed and ground in an agate mortar for 10 min. The mixed powders were
then transferred into a 20 mL glass vial. The vial was capped and placed in an oven at 80
°C for 2 h. As-synthesized black products were taken out and washed with distilled water
for multiple times in order to dissolve remaining ions. The post-washed products were
dried at 80 °C in air overnight.
7.2.2 Characterization
XRD measurements were performed using a Rigaku Ultima IV diffractometer with
monochromatic Cu Kα radiation (λ = 1.54 Å) to analyze phase formation of the synthesized
samples. Microstructure were investigated by a Hitachi S4800 and SU6600 SEM. SE and
BSE modes were selected. Elemental compositions were measured by EDS method by
averaging the compositions of multiple different representative sites over the samples.
More experimental details can be found in previous sections.
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Table 7.1 Target compositions, sample names, and fabrication methods of various
hollandite samples.
Target compositions

Sample name

Fabrication method

Cs1.33Fe1.33Ti6.67O16

HF1.33

SSR & CS

Cs1.33Ga1.33Ti6.67O16

HG1.33

SSR & CS

Na1.54Mg0.77Ti7.23O16

Na1.54MgTO

SSR & CS

K1.54Mg0.77Ti7.23O16

K1.54MgTO

SSR & CS

Cs1.54Mg0.77Ti7.23O16

Cs1.54MgTO

SSR & CS

Na0.29Cs1.54Mg0.77Ti7.23O16

Na0.29 Cs1.25MgTO

SSR & CS

KxMn8O16-δ

KMnO

SF & CP

KxTi8O16-δ

KTO

SSR & CS

K1.45Ga1.45Ti6.55O16

K1.45GaTO

SSR & CS

K1.50Ga1.50Ti6.50O16

K1.50GaTO

SSR & CS

K1.54Ga1.54Ti6.46O16

K1.54GaTO

SSR & CS

K1.60Ga1.60Ti6.40O16

K1.60GaTO

SSR & CS

K1.65Ga1.65Ti6.35O16

K1.65GaTO

SSR & CS

7.2.3 Electrical measurements
Experimental details of electrical measurements can be found in Chapter 2.
7.2.4 High-temperature oxide melt solution calorimetry
High-temperature oxide melt solution calorimetry was performed using an
AlexSYS 1000 calorimeter (Setaram Inc.) operating at 702 °C. In a drop-solution
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calorimetry experiment, well-ground sample powders with the mass of 4-6 mg were
weighed and loosely pressed into a small pellet and dropped from room temperature into
the molten sodium molybdate (3Na2O·4MoO3) solvent in a platinum crucible in the
calorimeter. The calorimeter assembly was flushed continuously at 60 mL/min and the
solvent was bubbled at 5 mL/min using Argon gas. Flushing ensures constant vapor
pressure above the solvent, while bubbling aids dissolution. At least eight successful drops
need to be conducted for each composition to obtain statistically reliable data. The heat
content of high purity α-alumina (Sigma Aldrich, 99.999%) was used to calibrate the
calorimeter. The experimental procedures have been well described and established by
Navrotskty [83,86].
7.3 Results and discussion
7.3.1 Electrical properties of Cs hollandite
Figure 7.1 (a) shows XRD patterns of HG1.33 and HF1.33 samples indicating that
single-phase hollandite phase has been formed for each composition. The AC impedance
plots of HG1.33 and HF1.33 hollandite sintered pellets at 800 °C are shown in Figure 7.1
(b).
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Figure 7.1 (a) The XRD patterns at room temperature and (b) the AC impedance spectra
at 800 °C for HG1.33 and HF1.33 hollandite samples.

A commonly used equivalent circuit model (RbCPEb)(RgbCPEgb)(Re1CPEe1)
(Re2CPEe2) was selected to fit measured impedance data. Rb, Rgb, Re1, and Re2 are the
resistances due to bulk, grain boundary, and electrodes; CPEb, CPEgb, CPEe1, and CPEe2
are the constant phase elements of bulk, grain boundary, and electrodes. However, extra
care has to be taken when one validates whether the chosen equivalent circuit model is
appropriate to obtain valuable physical interpretation. Besides the inspection of Z’-Z’’
impedance spectra, it is also very important to check if there is a good agreement between
the experimental and fitted data on the spectra of Z’-frequency, Z’’-frequency, admittance
Y’-frequency, and permittivity ε’-frequency [118]. Impedance Z*, admittance Y*, and
permittivity ε* can be interrelated by Equations (7.1) and (7.2):
𝑍𝑍 ∗ = 𝑍𝑍 ′ + 𝑗𝑗𝑗𝑗 ′′ = (𝑌𝑌 ∗ )−1
𝑌𝑌 ∗ = 𝑗𝑗𝑗𝑗𝐶𝐶0 𝜀𝜀 ∗
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(7.1)
(7.2)

where 𝜔𝜔 = angular frequency 2𝜋𝜋𝜋𝜋 and 𝐶𝐶0 =

𝜀𝜀0 𝐴𝐴
𝑙𝑙

. 𝜀𝜀0 is the permittivity of free space, 8.854

× 10-14 F/cm; 𝐴𝐴 is the area of electrode and 𝑙𝑙 is the thickness of sample pellet.

Figure 7.2 serves as a representative showing the comparison between experimental

and fitted data of HG1.33 at 700 °C. The used equivalent circuit model was
(RgbCPEgb)(Re1CPEe1). As shown in Figure 7.2 (a-c), a good agreement was achieved
indicating that this model was appropriate. The missing of the impedance signal from the
bulk because the grain boundary resistance might dominate the overall impedance. This
missing could also be explained from the spectra of complex electric modulus M* which
can be related to impedance Z* by Equation (7.3).
𝑀𝑀∗ = 𝑗𝑗𝑗𝑗𝐶𝐶0 𝑍𝑍 ∗

(7.3)

The spectra of imaginary components Z’’ and M’’ as a function of frequency are displayed
in Figure 7.2 (d). A partial M’’ peak maximum is observed at high frequency region (i.e.,
~106 Hz) representing the bulk contribution of the hollandite sample. In contrast, the Z’’
peak maximum is located at lower frequency region (i.e., ~500 Hz). The peak maximum
of M’’ and Z’’ does not appear in the similar high frequency region, so it is difficult to
observe the reflection of the bulk impedance in the Z’-Z’’ spectra.
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Figure 7.2 Experimental and fitted data in the spectra of (a) Z’-Z’’, (b) Z’/Z’’-frequency,
(c) Y’/ ε’-frequency, and (d) Z’’/M’’-frequency for HG1.33 hollandite sample at 700 °C.

Figure 7.3 (a) shows the variation of total conductivity at different temperatures
and Figure 7.3 (b) was reported to obtain the activation energy of each hollandite sample
by using liner fitting model. As shown in Figure 7.3, the conductivity of HF1.33 is at
least two orders of magnitudes higher than that of HG1.33, while the activation energy of
HF1.33 is much smaller than that of HG1.33. According to prior studies [64], the much
higher conductivity and lower activation energy exhibited in HF1.33 might be due to
electronic conduction introduced by the Fe dopants on the B-sites.
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Figure 7.3 Variations of total conductivity of HF1.33 and HG1.33 at different
temperatures.

Four-probe direct current (DC) measurements were further performed on HF1.33
hollandite sample to determine the electronic conductivity. Figure 7.4 (a) shows the DC
resistance at different temperatures which was used to calculate the electronic conductivity.
In Figure 7.4 (b), the results of ionic and electronic transference number suggest that the
electronic leakage is increased with decreased temperature supporting the previous
hypothesis that the electronic conductivity made lots of contribution to the total
conductivity.
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Figure 7.4 (a) The resistance of HF1.33 hollandite measured by four-probe DC
measurements at different temperatures, and (b) the ionic and electronic transference
numbers of HF1.33 hollandite as a function of 1000/T (K-1).

7.3.2 Electrical properties of hollandite-type materials with different A-site cations
Three hollandite-type samples Na1.54Mg0.77Ti7.23O16, K1.54Mg0.77Ti7.23O16, and
Cs1.54Mg0.77Ti7.23O16 were selected as benchmark to study conductive behaviors of
different types of tunnel cations. They were denoted in the following text as Na1.54MgTO,
K1.54MgTO, and Cs1.54MgTO, respectively. Figure 7.5 (a) shows the XRD patterns of the
three compositions indicating that single-phase hollandite structure has been formed.
Na1.54MgTO exhibits monoclinic structure, while K1.54MgTO and Cs1.54MgTO have
tetragonal structure. The different crystal structure is resulted from the different ionic radii
on the A-sites. For Na1.54MgTO, the tunnels have to be distorted to stabilize the relatively
small sized Na cation on the A-sites, so the symmetry is reduced to monoclinic. In contrast,
larger K and Cs cations can be accommodated on the A-sites without distorting the tunnels,
so the tetragonal symmetry will be persevered.

114

To study the conduction of tunnel cations, EIS measurements were performed on
Na1.54MgTO, K1.54MgTO, and Cs1.54MgTO. Figure 7.5 (b) demonstrates the EIS spectra of
the three hollandite samples at room temperature (RT). It was expected that Na1.54MgTO
would have the highest conductivity as Na cations are smaller and lighter than K and Cs
cations. However, K1.54MgTO containing the intermediate sized and weighted K cations
exhibits the optimal conductivity which is even an order of magnitude higher than that of
Na1.54MgTO and Cs1.54MgTO. Moreover, Cs1.54MgTO with the largest and heaviest Cs
cations displays lower conductivity than Na1.54MgTO. Based on the AC impedance results,
it suggests that the symmetry might play a more profound role in conductivity comparing
to the nature of mobile species in the tunnels.

Figure 7.5 (a) The XRD patterns and (b) the EIS spectra at room temperature (RT) of
Na1.54MgTO, K1.54MgTO, and Cs1.54MgTO.

An additional hollandite composition Na0.29Cs1.25Mg0.77Ti7.23O16, having the same
A-site occupancy (i.e., 77%) as that of Na1.54MgTO and Cs1.54MgTO, was attempted to
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fabricate to further investigate the effect of the nature of mobile species in the tunnels on
conductivity. This composition was named as Na0.29Cs1.25MgTiO in the following text. As
shown in Figure 7.6 (a), a single-phase tetragonal hollandite has been achieved for
Na0.29Cs1.25MgTiO. An EIS measurement was conducted on it and as-obtained spectra was
compared to that of Na1.54MgTO and Cs1.54MgTO. Figure 7.6 (b) displays the EIS spectra
at 21 °C of the three compositions. Na0.29Cs1.25MgTiO with tetragonal symmetry has the
optimal conductivity; Na1.54MgTO having monoclinic symmetry exhibits the intermediate
conductivity; the conductivity is the lowest for Cs1.54MgTO possessing tetragonal
symmetry. The contribution from the A-site occupancy (or the concentration of mobile
tunnel ions) to the distinct conductivity could be excluded because all three samples have
the same occupancy. Thus, the various conductivity should be attributed to the effects of
the symmetry and the nature of the mobile tunnel ions. Apparently, the symmetric
improvement makes tetragonal Na0.29Cs1.25MgTiO exhibit higher conductivity compared
to monoclinic Na1.54MgTO, agreeing to the results in the previous paragraph. More
importantly, it seems that the nature of mobile species in the tunnels also affect greatly the
total conductivity. For example, Na0.29Cs1.25MgTiO has higher conductivity, although both
Cs1.54MgTO and Na0.29Cs1.25MgTiO have tetragonal symmetry. The higher conductivity
might be attributed to the higher mobility of the smaller and lighter Na ions compared to
the larger and heavier Cs ions.
Despite the abovementioned analysis, it is worth noting that comprehensive
understanding of the conduction mechanism has not been established yet. It is still
controversial that where the different types of A-site cations (e.g., Na and Cs in this work)
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are located in the tunnels. Beyeler and Strässler [107] claimed that K and Cs ions would be
occupied in the same tunnels for the Cs-doped K1.54Mg0.77Ti7.23O16 hollandite systems,
whereas Wen et al. [128] argued that Ba and Cs ions preferred to be placed in the different
tunnels for the Ba0.67Cs0.67Ga2Ti6O16 hollandite system at relatively low temperatures.
However, no matter where the position of the Na and Cs ions is, it is plausible that the large
Cs cations expand the tunnel sizes and provide tetragonal symmetry for Na0.29Cs1.25MgTiO
facilitating the Na motion. To resolve the issue of A-site cation distribution, more advanced
techniques are needed such as extended X-ray absorption fine structure (EXAFS), pair
distribution function (PDF) analysis, and high-resolution transmission electron microscopy
(HRTEM).

Figure 7.6 (a) The XRD pattern of Na0.29Cs1.25MgTiO and (b) the EIS spectra at 21 °C of
Na1.54MgTO, Na0.29Cs1.25MgTiO, and Cs1.54MgTO.
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7.3.3 Transport of K cations in the tunnels
Galvanostatic measurements were performed to analyze the mobile behaviors of
tunnel cations [114]. K1.54MgTO was selected as the representative to demonstrate the
transport of K cations. A ~10 mA constant direct current was applied to the hollandite
sample pellet at different operating temperatures (e.g., 550 °C-750 °C). The variation of
normalized E’ and resistance was recorded as a function of the time of employed current.
Figure 7.7 (a-b) show that the E’ and resistance was increased as time indicating that the
equivalent circuit of the hollandite sample was not an electronic conductor or at least not a
pure electronic conductor, because the E’ and resistance should be a constant under a
constant direct current. Therefore, some other electrochemical reactions, such as ion
transport and capacitive process, might participate in the measurement. A series of
schematics in Figure 7.7 (c-e) was proposed to explain the overall electrochemical
reactions during the galvanostatic measurement.
At the beginning, parallel plate capacitors or CPEs of the bulk, grain boundary,
interface, and electrodes are charged rapidly leading to an increase in E’. In general, the
charge process of a regular RC circuit should be completed within five time constants (5τ)
usually are about a few seconds. In this case, however, the sample is not fully charged until
t > 20 s which is much longer than 5τ indicating that some processes mitigate the consistent
increase of E’. It is likely that the charging process is hindered by the K ion transport. Once
the field E’ is established, it will initiate the K ions to move. As the experiment continues,
increasing internal electric field would be gradually established due to the K ion transport,

118

which becomes the driving force to counteract the increasing E’. Finally, an ultimate steady
state should be achieved until the two processes are balanced.

Figure 7.7 The variation of (a) normalized E’ and (b) resistance as a function of the time
of employed current in K1.54MgTO hollandite sample; (c-e) a series of schematics to
illustrate the potential electrochemical reactions happening in the overall galvanostatic
measurements.

A constant ~10 mA direct current (DC) was applied to the sintered pellet
K1.54MgTO with gold electrodes at room temperature for 10 h to study if the distribution
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of K ions will be affected. Before employment of the DC, the concentration of K ion is
homogeneous across the sample. The SEM images of the sample after the test are given in
Figure 7.8. The EDS compositions were measured based on the selected representative
points over the sample cross-section in Figure 7.8. The measured points distributed in three
zones which started from one end of the electrode/sample interface and finished at the end
of the other electrode/sample interface. The ratio of Mg/K was used to demonstrate the K
ion distribution because Mg ions are chemically stable and should not reacted under the
DC effect. Before the employment of the DC, the ratio of Mg/K was close to 0.5. After 10
h DC effect, Figure 7.9 (a) shows the averaged ratio of Mg/K in the three different zones
but having identical X position. Although the averaged Mg/K is not very different from
one side (i.e., x = 0) to the other side (i.e., x = 65), but both K deficient (Mg/K > 0.5) and
K excess (Mg/K < 0.5) sites are present in the middle region of the cross-section (e.g., 10
≤ x ≤ 55). This indicates that some K cations move along the X axis which is vertical to
the two electrode/sample interfaces. Moreover, the K concentrations in the separate Y
zones with the fixed X position are distinguishable as shown in Figure 7.9 (b), suggesting
that some K ions also transported along the direction parallel to the electrode/sample
interfaces. This phenomenon might be reasonable because the tested hollandite sample is
polycrystalline containing various crystal orientation. More significant Mg/K
concentration gradient vertical to the two electrode/sample interfaces could be observed if
a single crystal is measured. The K ion transport analyzed in this work is also supported by
the previous studies [64] which confirmed K migration in K hollandite by electrolysis
(Tubandt’s method).

120

Figure 7.8 SEM images of the cross-section of K1.54MgTO sample. Multiples pointed
selected for EDS analysis located in three zones across the entire sample cross-section.

Figure 7.9 (a) The averaged EDS analyzed Mg/K ratio of three Y zones having the same
X position, (b) the EDS analyzed Mg/K ratio in the Y1, Y2, and Y3 zones.

7.3.4 The compositional effect of B-site on the electrical property of K hollandite
As discussed in previous sections, the unique tunnel structure of hollandite-type
materials provides a conduction pathway for the A-site cations to become potential fast-
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ionic conductors. In addition to that, the hollandite class also has been considered to be
used as electrode materials in battery systems because the tunnel feature could enable the
intercalation/deintercalation of small cations, such as Li+, Na+, and Mg2+ [67,69,79]. In
general, a qualified battery electrode material needs to have at least fair electronic
conductivity at room temperature [167]. However, none of the hollandite materials studied
in the prior sections of this dissertation exhibited such electronic conductivity. Therefore,
a strategy that tuning the B-site compositions was proposed to study their effects on the
electrical property of hollandite-type materials.
Two K hollandite samples with different B-site compositions were synthesized to
compare with the previously discussed K1.54Mg0.77Ti7.23O16 (K1.54MgTO). They were
KxTi8O16-δ and KxMn8O16-δ. For simplicity, the three samples were denoted as KTO and
KMnO, respectively. KTO [168] was aimed for anode materials due to the TiO6
framework, while KMnO [169] was designed for cathode materials because of the MnO6
framework [170].
Figure 7.10 (a) shows the XRD patterns of KMnO and KTO suggesting that pure
tetragonal hollandite phases have been successfully obtained for both samples. The XRD
pattern of K1.54MgTO can be found in Figure 7.5 (a) which confirmed that single-phase
tetragonal hollandite structure was formed. Figure 7.10 (b) display the EIS spectra of the
three hollandite sample pellets at ambient atmosphere. A full depressed semicircle has been
observed in KMnO and KTO, whereas a depressed semicircle followed by an inclined
spike at low-frequency region has been found in K1.54MgTO. The different spectra indicate
that the total conductivity of KMnO and KTO is dominated by electron conduction, while
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the total conductivity of K1.54MgTO is due to pure ionic conduction. The origin of the
electron-conductive pathway might be attributed to multivalent B-site dopants Mn3+/4+ and
Ti3+/4+ both of which have unoccupied electron orbital. In contrast, the valence state of the
B-site dopant Mg2+ in K1.54MgTO is unlikely to be changed, so only ionic conductivity is
exhibited. Moreover, the intercept of the semicircle with the Z’ axis reveals that the ionic
conductivity of K1.54MgTO is much smaller than the electronic conductivity of KMnO and
KTO. Although both KMnO and KTO exhibit relatively high electronic conductivity, the
conductivity of KTO is almost seven times higher that of KMnO.
Above all, different types of B-site dopants not only could affect the level of
conductivity but also alter the conduction mechanism. Therefore, different candidates
could be considered depending on different applications. For example, transition metal
elements could be selected for electrode materials, while the elements having only valence
state might be good choices for ionic conductors.

Figure 7.10 (a) The XRD patterns of KMnO and KTO; (b) the EIS spectra of K1.54MgTO,
KMnO, and KTO at ambient atmosphere.
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7.3.5 The effect of A-site occupancy on the electrical property of KxGaxTi8-xO16 hollandite
Based on the results of previous sections, a series of KxGaxTi8-xO16 samples was
synthesized to further study the electrical and thermodynamics properties. The Ka-Ga-TO hollandite system was chosen because this system was expected to exhibit tetragonal
symmetry which would enhance total conductivity. Moreover, the tunnel K cations could
exhibit relatively higher conductivity than Na and Cs cations, and Ga3+ would not introduce
potential electronic leakage. In this section, the effect of A-site occupancy on the
conductivity, activation energy and enthalpy of formation will be investigated. In the
following text, the series of KxGaxTi8-xO16 samples will be named based upon their
compositions

and

A-site

occupancy.

For

example,

K1.45Ga1.45Ti6.55O16

and

K1.60Ga1.60Ti6.40O16 are named as K1.45GaTO and K1.60GaTO, respectively. The A-site
occupancy range 1.45 ≤ x ≤ 1.65 was selected. Higher occupancy was not chosen because
it might significantly decrease ion conductivity [64], while lower occupancy (e.g., x = 1.20
and 1.33) was not studied due to the formation of TiO2 rutile secondary phase (Figure 7.11).
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Figure 7.11 The XRD patterns of K1.20GaTO and K1.33GaTO. The asterisk * labels the
TiO2 rutile as the secondary phase.

Figure 7.12 shows the XRD patterns of KxGaxTi8-xO16 (1.45 ≤ x ≤ 1.65) indicating
that single-phase tetragonal hollandite phases have been formed for all compositions. The
EDS analyzed compositions of these samples KxGaxTi8-xO16 (1.45 ≤ x ≤ 1.65) are given in
Table 7.2. Figure 7.13 (a) and (c) show the SEM images of K1.45GaTO and K1.60GaTO,
respectively. Figure 7.13 (b) and (c) display representative X-ray energy distribution maps
of K1.45GaTO and K1.60GaTO, respectively. According to the elemental results, almost all
K cations were incorporated into the tunnels indicating that the hollandite structure was
very stable.
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Figure 7.12 The XRD patterns of the KxGaxTi8-xO16 hollandite series.

Table 7.2 Target composition, EDS composition, and K retention of the KxGaxTi8-xO16
hollandite series.
Sample

Target composition

EDS composition

K retention (%)

K1.45GaTO

K1.45Ga1.45Ti6.55O16

K1.45Ga1.45Ti6.55O16

100 ± 2

K1.50GaTO

K1.50Ga1.50Ti6.50O16

K1.49Ga1.50Ti6.50O16

99 ± 2

K1.54GaTO

K1.54Ga1.54Ti6.46O16

K1.49Ga1.56Ti6.46O16

97 ± 1

K1.60GaTO

K1.60Ga1.60Ti6.40O16

K1.55Ga1.62Ti6.40O16

97 ± 1

K1.65GaTO

K1.65Ga1.65Ti6.35O16

K1.62Ga1.66Ti6.35O16

98 ± 1
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Figure 7.13 SEM images of K1.45GaTO (a) and K1.60GaTO (c); representative X-ray
energy distribution maps of K1.45GaTO (b) and K1.60GaTO (d).

Theoretical density (ρt) and real density (ρr) of the sintered pellets were determined
in order to evaluate the densification. ρt was calculated by using the XRD results, while ρr
was determined by geometric measurements. The densification was defined by the ratio of
real density to theoretical density multiplied by one hundred percent (ρr/ρt ×100%). Related
information is given in Table 7.3. In general, the densification of each composition is
higher than 90% indicating that dense sample pellets have been fabricated. However, the
densification decreases as K content increases.
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Table 7.3 Theoretical density (ρt), real density (ρr), and densification (ρr/ρt) of the KxGaxTi8xO16

hollandite samples.
Theoretical density ρt

Real density ρr

Densification ρr/ρt × 100%

(g/cm3)

(g/cm3)

(%)

K1.45GaTO

3.94

3.81

96.9

K1.54GaTO

4.00

3.73

93.4

K1.60GaTO

4.01

3.70

92.1

K1.65GaTO

4.03

3.67

91.1

Sample

Figure 7.14 (a) shows the total conductivity of the measured hollandite samples at
different temperatures. The total conductivity increases with increased K content at first
and highest value is achieved for K1.54GaTO. When K content is further increased, the total
conductivity will drop significantly. The highest conductivity K1.54GaTO might be
attributed to the optimal combination of the concentration of both charge carriers (i.e., K
cations) and vacant sites [171,172]. Comparing to K1.54GaTO, the relatively low K content
probably results in lower conductivity in K1.45GaTO. In contrast, K1.60GaTO and
K1.65GaTO have higher K content but the smaller number of adjacent vacant sites available
for K transport decrease the total conductivity. The activation energy (Ea) of the measured
samples determined from Figure 7.14 (a) can be found in Figure 7.14 (b). The values of Ea
for the different K-Ga-Ti-O hollandite are in the range of 0.7-1.2 eV agreeing with the
previously reported value for the polycrystalline K1.6Mg0.8Ti7.2O16 system [173]. Despite
K content-dependent Ea, any value is much smaller than the Ea value (i.e., 1.62 eV) for the
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Cs-Ga-Ti-O hollandite (i.e., Cs1.33Ga1.33Ti6.67O16, HG1.33). In contrast, the Ea of oxygen
ion conduction in Ga-doped ceria is typically between 0.55 and 1.3 eV [174–176], while
the Ea of electron conduction ranges from 0.4 to 0.52 eV [177].

Figure 7.14 (a) Natural logarithm of total conductivity versus 1000/T (K-1) and (b)
enthalpy of formation and activation energy versus A-site occupancy for measured
KxGaxTi8-xO16 hollandite samples.

According to the prior studies [178], the anomaly that K1.54GaTO exhibiting the
maximum ionic conductivity has the unexpected largest value of Ea might be explained
from the perspective of thermodynamics, such as enthalpy of formation ∆Hf,ox. Therefore,
high-temperature oxide melt solution calorimetry was performed on the KxGaxTi8-xO16
hollandite series. The values of ΔHds for the samples KxGaxTi8-xO16 (1.45 ≤ x ≤ 1.65)
hollandite samples measured in the molten sodium molybdate (3Na2O·4MoO3) solvent at
702 °C are given in Table 7.4. The values of ΔHds and ΔHf,el for the constituent oxides of
the Fe-substituted hollandite samples are given in Table 7.5 [83,88,142–144]. Therefore,
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the values of ΔHf,ox and ΔHf,el of all hollandite samples can be calculated and further
reported in Table 7.4 by using the methodology described in Chapter 3. As shown in Figure
7.14 (b), the values of ΔHf,ox for all samples are strongly exothermic, while the values of
ΔHf,ox become more exothermic with increased A-site occupancy. These results suggest
that all KxGaxTi8-xO16 samples are more energetically stable than their constituent oxides.
More importantly, the energetic stability will be further improved as the A-site occupancy
is increased, agreeing with the prior XRD results that secondary phases are likely present
in the compositions with lower A-site occupancy. The higher stability might be attributed
to increasing basic character with more K cations occupied in the tunnels, because the
tolerance factors, RB/RA, and symmetry are almost unchanged across the entire
compositional range.
However, a conclusive correlation between the energetic stability and Ea of the
KxGaxTi8-xO16 hollandite system cannot be established based on the current results of
electrical measurements. Typically, Ea would be larger for the material with higher
stability. On the contrary, the most stable composition (i.e., K1.65GaTO) has the smallest
Ea. In addition, the composition with the largest Ea (i.e., K1.54GaTO) is also not the least
stable one. To better understand underlying relationship between Ea and energetic stability,
more comprehensive analysis on electrical properties and local structure might be helpful.
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Table 7.4 Measured mean ΔHds of the KxGaxTi8-xO16 hollandite samples and enthalpies of
formation from the constituent oxides and the elements at 25 °C. Uncertainty is two
standard deviation of the mean and the value in parentheses is the number of experiments.
Sample

ΔHds (kJ/mol)

ΔHf,ox (kJ/mol)

ΔHf,el (kJ/mol)

K1.45GaTO

453.25 ± 6.65 (8)

−191.13 ± 7.53

−7432.14 ± 7.96

K1.50GaTO

469.01 ± 5.95 (8)

−213.03 ± 6.91

−7441.30 ± 7.38

K1.60GaTO

481.11 ± 5.50 (8)

−232.95 ± 6.53

−7442.97 ± 7.02

K1.65GaTO

492.57 ± 4.59 (8)

−255.97 ± 5.78

−7453.25 ± 6.33

Table 7.5 The values of ΔHds in sodium molybdate solvent at 702 °C and enthalpies of
formation from the elements (ΔHf,el) at 25 °C of the constituent binary oxides of the
KxGaxTi8-xO16 hollandite samples. The values in brackets are the reference numbers.
Oxide

ΔHds (kJ/mol)

ΔHf,el (kJ/mol)

K2O

−318.0 ± 3.1 [83]

− 363.17 ± 2.10 [143]

Ga2O3

130.16 ± 1.66 [142]

−1089.1 [144]

TiO2

60.81 ± 0.11 [88]

−944.0 ± 0.8 [143]

7.4 Summary
 The total conductivity of Cs1.33Fe1.33Ti6.67O16 (HF1.33) is much higher than that of
Cs1.33Ga1.33Ti6.67O16 (HG1.33) due to the electronic conductivity.
 For Na, K, and Cs hollandite systems, the conductivity is significantly affected by
the crystal structure (or symmetry) and the nature (e.g., ionic raii and mass) of Asite tunnel cations.
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 The transport of A-site cations (i.e., K cations) in the tunnels has confirmed by
galvanostatic measurements.
 High electronic conductivity could be introduced if the elements with multivalences
are substituted on the B-site of hollandite-type materials.
 The effect of A-site occupancy on the electrical property of KxGaxTi8-xO16
hollandite samples has been investigated and the sample with ~75% occupancy
exhibits the highest total ionic conductivity.
 The energetic stability of the KxGaxTi8-xO16 hollandite series is improved as
increased A-site occupancy.
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CHAPTER EIGHT
DISCUSSION
The strategy that tuning A-site and B-site dopants could significantly impact
various properties and performance of hollandite-type materials further directing materials
design for different applications.
For the (Ba,Cs)x(B,Ti)8O16 hollandite waste forms, Cs leaching rate will be greatly
improved when more Cs cations are substituted for Ba cations on A-sites. As Cs content is
increased, the unit cell will be expanded to incorporate larger Cs cations resulting in the
distorted monoclinic symmetry in some hollandites transforming to tetragonal symmetry.
Moreover, higher Cs content introduces more basicity, enhance the tolerance factor, and
release the distortion in B-site framework, which act synergistically and lead to a more
energetic favorable hollandite-forming state that is indicated by the value of enthalpy of
formation. The increased thermodynamic stability in high Cs-containing hollandite
compounds is also manifested from the perspectives of improved Cs retention and Cs
release.
The effect of B-site dopants on radiation stability of (Ba,Cs)x(B,Ti)8O16 hollandite
waste forms is more profound comparing to its impact on crystallography and
thermodynamics. Distinguishable radiation response over different length-scales were
found in the hollandite samples with varying B-site dopants. In the long-range ordering,
Ga-substituted Cs1.33Ga1.33Ti6.67O16 (HG1.33) exhibited higher amorphization resistance
than Fe-substituted Cs1.33Fe1.33Ti6.67O16 (HF1.33) and Zn-substituted Cs1.33Zn0.67Ti7.33O16
(HZ1.33). The improved resistance might be benefited from a very slight increase of the
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tolerance factor (e.g., less than 1%) which could indicate the structural stability of a
hollandite structure [149]. Moreover, HG1.33 prioritized to maintains the integrity of
tunnel feature in the short-range ordering, while either the symmetry of (BO6) octahedra or
the symmetry of B-B sublattice was expensed in HF1.33 and HZ1.33. In fact, the distinct
radiation responses arise from the structural feature in the constituent binary oxide form of
respective B-site dopants in the parent hollandite (e.g., Ga2O3, Fe2O3 and ZnO). HG1.33
possesses the optimal radiation stability because Ga2O3 is the most chemically suitable to
maintain layering schemes at the atomic scale, which is supported from the perspective of
enthalpies of damage. Specifically, HG1.33 has the smallest damage enthalpy whereas
HZ1.33 has the largest damage enthalpy.
The conduction mechanism of (Ba,Cs)x(B,Ti)8O16 hollandite (i.e., HG1.33 and
HF1.33) could be altered by B-site dopants as well. Based on the results of electrical
measurements, the total conductivity of HF1.33 is at least two orders of magnitudes higher
than that of HG1.33, while the activation energy of HF1.33 is about one half of that of
HG1.33. Higher conductivity and smaller activation energy exhibited in HF1.33 are
attributed to the contribution of electronic conductivity, which might be introduced by the
Fe dopants.
Lower ionic conductivity is preferred for waste forms, while higher ionic
conductivity is required for ion conductors. Therefore, a series of hollandite-type materials
with different tunnel cations (e.g., Na+, K+, and Cs+) were studied to establish some
correlations between the same structured materials aiming at the opposite applications.
Counterintuitively, the conductivity of the smallest and lightest Na cations in
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Na1.54Mg0.77Ti7.23O16 (Na1.54MgTO) is much lower than the conductivity of the
intermediate sized and weighted K cations in K1.54Mg0.77Ti7.23O16 (K1.54MgTO), although
the conductivity of the largest and heaviest Cs cations in Cs1.54Mg0.77Ti7.23O16
(Cs1.54MgTO) is the lowest among the three hollandite samples. These unexpected resulted
might be attributed to different symmetries. Tetragonal symmetry in K1.54MgTO provides
more space for K cations facilitating their motion along the tunnels, however monoclinic
symmetry in Na1.54MgTO distorts the cross-section of the tunnels restricting the transport
of Na cations. These results indicate that the symmetry plays a significant role in the
conductivity of tunnel cations. Moreover, the effect of the nature of the mobile tunnel
cations on conductivity has been confirmed as well. Sharing the identical tetragonal
symmetry, the conductivity of Na0.29Cs1.25Mg0.77Ti7.23O16 (Na0.29Cs1.25MgTiO) is higher
than that of Cs1.54MgTO suggesting that the smaller and lighter tunnel cations would
exhibit higher conductivity when the symmetry is improved.
As discussed in (Ba,Cs)x(B,Ti)8O16 hollandite waste forms, the B-site dopants have
to be accordingly selected based on the targeted application. For example, transition metals
should be avoided using on the B-site of hollandite-type ion conductors as potential
electronic leakage would be introduced. However, transition metals (e.g., Mn3+/4+, Ti3+, and
Fe3+) would become promising candidates for B-site substitution if the hollandite-type
materials are designed for electrodes which need high electronic conductivity.
Furthermore, the electrical measurements of the KxGaxTi8-xO16 hollandite system
revealed that appropriate A-site occupancy, that is K content, will contribute to the highest
total conductivity. Specifically, K1.54Ga1.54Ti6.46O16 (K1.54GaTO) with the intermediate A-
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site occupancy exhibited the highest conductivity, which is benefited from the optimal
combination of the concentration of both charge carriers and vacant sites [171,172]. In
addition, the obtained value of activation energy for any composition in this K-Ga-Ti-O
hollandite series was much smaller than that for the Cs-Ga-Ti-O hollandite (i.e.,
Cs1.33Ga1.33Ti6.67O16, HG1.33) further confirming that the mobility of the K cation is higher
than that of the Cs cation.
In summary, the property and performance of hollandite-type materials are
significantly affected by the compositions on A-sites and B-sites. Hollandite waste forms
with higher Cs content has higher thermodynamic stability and Cs leaching resistance,
whereas K and Na hollandite showing higher ionic conductivity than Cs hollandite could
be designed for ionic conductors due to smaller ionic radii and mass. Tetragonal symmetry
is preferred for both applications of waste forms and ionic conductors, and it could be
achieved from the monoclinic symmetry by tuning the compositions on A-sites and B-sites.
Moreover, radiation stability is also highly influenced by B-site dopants. However, the use
of transition metal as B-site dopants should be cautious as it might introduce electronic
conductivity. Finally, intermediate A-site occupancy could result in the highest ionic
conductivity.
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CHAPTER NINE
CONCLUSIONS
 Not only an expansion of the unit cell but also a monoclinic-to-tetragonal phase
transformation could be induced by increased Cs substitution in hollandite-type
materials
 Higher Cs-containing hollandite composition exhibits better energetic stability,
which might be attributed to tetragonal symmetry, smaller RB/RA, larger tolerance
factor and optical basicity
 The most concerned Cs release in hollandite waste forms could be significantly
improved by increasing Cs content due to higher energetic stability and the elution
studies of radioactive 137Cs further supported the leaching results
 Distinguishable radiation stability, determined by high-temperature oxide melt
solution calorimetry, is originated from the structural feature of the constituent
binary oxide form of the B-site substitution (e.g., Ga2O3, Fe2O3 and ZnO); the Gasubstituted hollandite exhibited superior radiation stability comparing to the Fe-and
Zn-substituted samples
 Combined DSC and structural analysis indicated that the mechanism of structural
recovery via thermal annealing is complex and decoupled at different length-scales.
Specifically, a two-step recovery might occur in the local structure however the
long-range ordering was not recovered
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 For Na, K, and Cs hollandite systems, total conductivity is significantly affected by
the crystal structure and the nature of the A-site tunnel cations. For instance,
tetragonal K hollandite exhibited the highest ionic conductivity.
 The transport of tunnel cations (i.e., K cations) under the DC effect has been
confirmed by galvanostatic measurements and elemental analysis.
 Serious electronic conductivity might be introduced if transition metals or
multivalent elements are doped on the B-site of hollandite-type materials.
 The effect of A-site occupancy on the electrical property of KxGaxTi8-xO16
hollandite has been investigated and the sample with ~75% occupancy exhibited
the highest total ionic conductivity.
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